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Voorwoord 
Dit proefschrift vormt het resultaat van bijna zes jaar III—V zonnecel onderzoek 
in Nijmegen Met uitzondering van het onderzoek naar groei op alternatieve sub-
straten (germanium en silicium) en enkele fundamentele materiaal studies, geeft 
het een overzicht van het zonnecel onderzoek dat op de afdeling experimentele 
vaste stof fysica III is verricht in de periode van 1990 tot 1996 
Hoewel dit proefschrift een wetenschappelijke proeve is, heb ik vaak het gevoel 
gehad dat het bovenal een proeve in doorzettingsvermogen is Het heeft mij 
verrast hoeveel technische en praktische problemen opgeroepen worden door het 
stellen van éen wetenschappelijke vraag Sommige van deze problemen worden 
'gewoon' opgelost, maar vooral bij experimenteel onderzoek blijkt de natuur soms 
weerbarstig en een probleem moet dan 'overwonnen' worden In de afgelopen jaren 
hebben vele mensen mij hierbij geholpen Ik wil daarom iedereen bedanken die 
mij heeft gesteund of gestimuleerd Een aantal van hen wil ik in het bijzonder 
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van de zonnecelgroep Paul Hageman op het gebied van MOVPE groei, Gerard 
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een conditio sine qua non Met zijn grote technische ervaring heeft hij er toe 
bijgedragen dat problemen met de Aixtron snel verholpen werden Hij verraste 
me keer op keer met zijn enorme materialen kennis, die in belangrijke mate heeft 
bijgedragen aan het succes van de ELO methode Verder heb ik ook de levendige 
discussies over de gang van zaken binnen en buiten de afdeling zeer gewaardeerd 
Ik bedank Robert Thomeer voor het meten van de ladingsdragers levensduur van 
talloze samples en voor de fijne samenwerking Frank Dnessen dank ik voor zijn 
bijdrage in het verhelderen van de ordening in GaInP2 en voor het doen van 
photoluminescentie metingen Peter Schmidt ben ik dank verschuldigd voor zi]n 
ondersteuning bij de MOVPE en de discussies over de mogelijkheden en problemen 
van een dunne film cel en de ELO methode Wouter Gabnelse, Hannah Gallis, 
Koen Kuylenberg en Peter Bink hebben als student ieder op hun eigen manier 
bijgedragen aan het tot stand komen van dit proefschrift 
vu 
Prof dr. Schapink ben ik dank verschuldigd voor het beschikbaar stellen van 
de faciliteiten van het hoge resolutie elektronen microscopie centrum in Delft. 
Anton-Jan Bons dank ik voor zijn enorme inzet en HRTEM werk dat ons meer 
inzicht heeft gegeven in de ordening van аІпРг Huub Geurts heeft op prak­
tische wijze het T E M werk ondersteund. Sander Stolls (Radboud ziekenhuis) 
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Chapter 1 
INTRODUCTION 
Abstract 
First, a short historic introduction on the development of solar cells and III V ma-
terials is presented The relation between solar cell efficiency, the cost of solar cells 
and the cost of photovoltaic electricity ¡s elaborated It is concluded that the com-
bination of low efficiency and high cell cost limits the current use of photovoltaic 
electricity In this thesis, two approaches are followed to reduce the photovoltaic 
electricity cost First, increase of efficiency by development of a HI V tandem 
cell based on GaAs and GaInP2 Secondly, reduction m cell cost by development 
of a new process which enables the reuse of expensive monocrystallme substrates 
Finally a future perspective is described based on the expected cost developments 
for production of III-V solar cells It is demonstrated that III-V solar cells are a 
candidate for future large scale electricity production 
1.1 History and motivation 
Conversion of light energy into electricity was described for the first time by 
Edmond Becquerel in 1839 [1] (at that time he was only 19 years old) for an 
illuminated electrode in an electrolyte solution However, it took until 1873, 
before the photoconductivity in a solid material (selenium) was discovered by 
Willoughby Smith Shortly after this, the photovoltaic effect in selenium was 
correctly described and applied to photo sensitive cells by Werner von Siemens 
in 1875 The same effect was published for the first time by Adams and Day 
[2] (two years later) Between 1920 and 1950 improved versions of the early 
selenium cells were used in photometers for photography and optical instruments 
The efficiencies of these improved devices were in the 0 1% 0 5% range Clearly, 
a revolution was needed before photovoltaic cells could be used for electricity 
production In 1948, John Bardeen, Walter II Brattain and William В Stiocklej 
from Bell Telephone Laboratories invented the bipolar (Ge) transistor [3] which 
formed the starting point for a rapid development of micro-electronics A few years 
later in 1954, Chapín, Fuller and Pearson from the same laboratory fabricated the 
first bipolar silicon solar cell with an efficiency of about 6% [4] From that point 
on, development of solid state photovoltaic cells (or solar cells) has been steady 
and a number of useful solar cell materials has emerged 
1 
Chapter 1 
III V materials, compounds which consist of elements of the Hlrd and Vth 
column of the periodic table, were first investigated by Heinrich Welker of Siemens 
Laboratories in the early 1950's In 1954 it was reported by him that GaAs and 
InP were semiconductors with optical bandgaps of 1 25 and 1 35 eV, respectively 
[5] III V materials are currently known as a family of semiconductors which span 
a range of direct bandgaps between 0 2 eV (InSb) and 3 4 eV (GaN)(365-6200 nm) 
Although III-V's will never replace silicon as the basis for integrated circuits, the 
range of available bandgaps together with the fact that most of them are direct 
gap materials, gives them a leading advantage for photonic devices A clear 
example is the solid state III—V laser with applications in high speed optical da ta 
transmission through glass fibers (1300 and 1550 nm, based on InP and InGaAsP) 
and data recording, printing and medical applications (635-675 nm, based on 
GaAs and GaInP2) Other widely used devices are the light emitting diode (found 
in many consumer articles and car rear lights), photo sensitive cells (photodiode, 
photomultipher and solar cells) and high frequency microwave devices (used for 
transmission of television signals) A second application area of III—V materials is 
high speed electronics Due to the high electron mobility in GaAs, GaAs circuits 
are inherently faster and consume less power than their silicon counterparts This 
properly has led to the development of ultra high speed devices like the metal 
semiconductor field effect transistor (MESFET), and the high electron mobility 
transistor (HEMT), which are both based on GaAs-AlGaAs technology 
Already in 1955, at the start of modern photovoltaics, it was recognized 
that the solar cell efficiency of a single bandgap cell is limited for a number 
of reasons [6] The solar spectrum consists of photons with an energy range be-
tween approximately 0 6 and 4 eV However, a single bandgap cell has in general 
only one discrete energy transition (the bandgap) Photons which enter the cell 
with an energy below the bandgap are hardly absorbed and pass the cell, while 
photons with an energy above the bandgap will relax rapidly to the lowest energy 
state (the bandgap energy) and convert their excess energy into lattice vibrations 
( luat) In both cases photon energy is lost for conversion into electricity Further 
losses arc caused by e g radiative and Auger recombination, reflection, shading 
and resistances For the incident solar spectrum on the earth surface (AMI or 
AM 1 5 standard) the practical efficiency of a single bandgap cell is limited to 29% 
for a material with a bandgap of 1 4 eV1 (e g GaAs 1 42 eV, InP 1 35 eV) [7] 
In the same year, E D Jackson Trom Texas Instruments proposed a stack of solar 
cells with different bandgaps in order to overcome this efficiency limit [8] Later 
on this idea was theoretically elaborated by Shockley and Queisser [9] and Nell 
and Barnetl [10] It was calculated that, if losses were taken into account, the 
practical efficiency limit for a stack of two, respectively three cells (called a tan-
If the sunlight is concentrated the optimal bandgap shifts to lower energy 
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Figure 1.1: Solar cell efficiency as a function of the number of stacked 
cells for an AM1.5G spectrum. The diagram was taken from [10]. 
dem cell or multi junction cell) is 39% 2 and 44.5%? In figure 1.1 the obtainable 
efficiency as function of the number of stacked cells is indicated. A practical limit 
of 57% is predicted which can be closely approached with a stack of ten cells. 
Because of additional losses due to stacking, it is expected that the efficiency will 
reach a maximum around 40% for a stack of three or four cells. If losses due to 
(radiative) recombination, reflection, shading and resistances are neglected the 
fundamental efficiency limit is found. This limit is imposed by the energy loss 
due to photons with an energy which does not match the bandgap(s) and by the 
Carnot efficiency of the device. The fundamental efficiency limit is 40%. for a 
single junction cell and 87% for a stack of η cells [11,12]. 
The efficiency of a solar cell has a direct influence on the cost of photovoltaic 
electricity for a given energy production. A high solar cell efficiency decreases the 
cost of the module, module assemblage and land area. In figure 1.2 the cost of 
photovoltaic electricity is indicated as a function of cell cost and cell efficiency for 
2 For a bandgap combination of 1.16 eV and 1.91 eV (AM1.5G) 
•''For a bandgap combination of 1.0 eV, 1.55 eV and 2.25 eV (AM1.5G) 
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Figure 1.2: Estimated cost of photovoltaic electricity in 2010-2015 for 
land installed, grid-coupled flat plate systems in the Netherlands as a 
function of cell cost and module efficiency. Besides the indicated values 
for module frame (fl 150/m2), electrical installation (fl 3.00/Wp) and 
land cost (fl 100/m2) , the following assumptions are made: solar irradi-
ation is 1095 k W h / m 2 per year, efficiency of electrical installation is 75% 
and system lifetime is 30 years, 4% real interest (annuity factor 0.06). 
a flat plate module which is coupled to the national electricity net (grid coupled). 
There are two important examples of grid coupled systems: roof mounted solar 
cell panels, which supply for example (part) of the energy in a house or (in case of 
sunny days) deliver power to the electricity net, and solar cell panels installed on 
a separate piece of land (e.g. a photovoltaic electricity plant). Figure 1.2 is based 
on a calculation of the electricity cost of grid coupled systems in the Netherlands 
using the data given in [13] and using low estimates for the module cost, electrical 
installation and land area cost. These low values are expected to be reached in 10 
to 15 years (2010-2015) for a significant production of photovoltaic modules [13]. 
The important conclusion which follows from figure 1.2 is that solar cells with 
low efficiency (below circa 8%) will lead to a high electricity price. In order to 
achieve a reasonable electricity price (fl 0.30/kWh - fl 0.40/kWh), a solar cell 
(module) efficiency of at least. 20% is needed in combination with a maximum cell 
4 
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Table 1 1. Current cell cost, (ΛΜ1.5) efficiency and electricity cosi of 
grid coupled flat plate photovoltaic systems in the Netherlands for com­
mercially available solar cells· amorphous silicon (a-Si). polycrystallme 
silicon (p-Si), single crystalline silicon (c-Si) and GaAs on germanium 
(data from [13] and the appendix at. the end of this chapter) Roof in­
dicates the situation for roof mounted solar cell panels, land indicates 
solar cell panels installed on land. 
Solar cell Cell cost Efficiency Electricity cost 
Roof Land 
a-Si fl 80 / m 2 8% fl 0 67 / kWh fi 0.81 / kWh 
p-Si fl 900 / m 2 16% fl 0 92 / kWh fl 0 99 / kWh 
c-Si Π 4000 / m 2 22% fl 1 81 / kWh fl 1.86 / kWh 
GaAs (Ge) fl 27700 / m 2 22% fl 9 68 / kWh fl 9 80 / kWh 
e cost of fl 250/m
2
. For higher cell efficiencies higher cell cost is acceptable, 
30% efficiency fl 500/m 2, 40% efficiency: fl 750/m 2 . 
High cell efficiencies (above 20%) can only be achieved with a limited num­
ber of solar cell materials Single crystalline silicon (c-Si) is one of the oldest 
materials used for solar cells and it has made enormous progress since the first 
cells of Chapín, Fuller and Pearson (6% in 1954). Best cell efficiencies of 24% 
(AMI 5) are currently reported [14]. Because of the substantial development, 
only a slight improvement in efficiency is expected for the future (theoretical 
limit 26%) Polycrystalline (multi crystalline) silicon is a material which consists 
of large (cm2 size) monocrystalline silicon domains separated by conducting gram 
boundaries. It is much cheaper than monocrystalline silicon and a reasonable 
efficiency of 18% (AMI.5) is obtained [14]. It is expected that by further devel-
opment 20%) efficiency will be reached in the next years III—V solar cells have 
developed rapidly in the last 10 years. Single junction GaAs cells on germanium 
substrates obtain an efficiency of 24% (AM 1.5) [14] and are currently used m 
communication satellites III—V materials are the only option for very high effi-
ciencies (above 30%). Current III—V multijunction cells have obtained efficiencies 
of 30%-32% for a stack of two cells [14, 15]. Research is now directed towards a 
40% cell efficiency with a stack of three cells. The main disadvantage of the use 
of III V solar cells is that they are still very expensive. This may be acceptable 
for space applications but it is not for flat plate terrestrial electricity production 
5 
Chapter 1 
The electricity price for current grid coupled photovoltaic systems in the 
Netherlands as calculated for different commercially available solar cells is in­
dicated in table 1 1 From a comparison of the electricity prices of table 1 1 with 
the Dutch grid electricity price for individual consumers (fl 0 25/kWh) it follows 
that photovoltaic electricity is still at least a factor three more expensive than 
electricity from conventional energy sources The difference in electricity cost be­
tween the cell with highest (GaAs) and lowest (a-Si) efficiency is only a factor 
12, whereas the difference in cell cost is a factor 350 Again, this illustrates the 
importance of a high efficiency In the current calculation, environmental costs 
caused by the use of conventional energy sources is not taken into account, oth­
erwise the cost difference between photovoltaic electricity and current electricity 
would be much smaller In any case, the combination of high cell cost and limited 
efficiency for the current commercial solar cells is the main reason for restrained 
use of photovoltaics in electricity production 
The research described in this thesis aims at a cost reduction of photovoltaic 
electricity production by achieving a reduction in cell cost In order to obtain this 
goal two directions have been developed A increase of cell efficiency by develop­
ment of a III—V multijunction cell and В reduction of the dominant cost factor of 
III—V cells by reuse of the expensive substrate In addition, some environmental 
questions are addressed which are specific for the production of III—V solar cells 
1.2 Background and scope 
In 1985 research on high efficient III V solar cells started at the University of 
Ni|mrgen At that time, the aim was realisation of a GaAs/Alo 3sGao 6sAs two 
junction tandem cell with an efficiency near 30% Although this material combi­
nation (1 4 eV and 1 9 eV) does not provide the optimal combination of bandgaps 
(1 16 eV and 1 9 eV), the stack of two cells is easily made because both materials 
luve (nearly) the same lattice constant and they can be grown epitaxially on a 
GaAs substrate A theoretical efficiency between 32% (AMI 5x1, two terminal) 
and 36% (AMI 5x1, four terminal) is predicted for this bandgap combination [10] 
After five years research, it was concluded that growth of the Alo 3sGao esAs top-
cell was more difficult than expected due to the great sensitivity of this material 
for traces of moisture and oxygen during crystal growth Therefore a replacement 
for Al0 35Gao esAs was sought 
Gao 5Іп0 5P lias (nominally) the same bandgap as Alo asGao 6sAs, but it is 
much less sensitive for oxygen and moisture, in this respect it is comparable 
to GaAs However, in 1990 Gao 5ІП0 5P was a completely new material for the 
group in Nijmegen Especially the use of a phosphorous containing material 
presented some practical problems In addition, a stringent composition con­
tini of the Gao 5I110 5P was needed to prevent a difference in lattice constant with 
tht GdAs substrate and degradation of the material properties Therefore this 
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thesis starts with a fundamental materials study on the growth and characteri­
zation of Gao 5ІП0 5P· It turned out that the initial problems related with the 
growth of Gao 5ІП0 5P could be overcome and as a next step Gao 5ІП0 5P single 
junction cells were developed. The primary obstacle in development of a high 
efficiency Gao 5ІП0 5P fell has been the absence of a good passivation layer for the 
cells' front surface At the same time the efficiency of the existing GaAs cell was 
further improved for use as a bottom cell in the two junction tandem. 
Funding for research on ITI—V cells in the Netherlands became more and more 
difficult in the last years, due to criticism on the very high cost of these cells 
and environmental problems associated with the production process As a result, 
the focus of research on III—V cells was shifted from the high efficiency goal 
towards reaching lower cost An analysis of the production of III—V solar cells (sec 
appendix of this chapter) shows that the GaAs substrate is the main cost factor 
Therefore growth of GaAs solar cells on alternative substrates like germanium 
and silicon was investigated Growth on germanium substrates turned out to be 
a viable approach [16] which is currently used for commercial space solar cells 
However, the substrate cost in case of terrestrial electricity production is still too 
high. The application of cheaper crystalline silicon substrates is hampered by a 
number of problems in the crystal growth of III—V materials on silicon. 
At that point, a new epitaxial lift off (ELO) process was developed which 
separates the thin (1-4μηι) III—V solar cell from the passive GaAs substrate 
Since this process leaves the substrate completely intact, it can be reused after a 
simple cleaning step. Application of the ELO process in combination with reuse 
of the GaAs substrate is expected to reduce the cost of III—V solar cells by at 
least an order of magnitude. This implies that, due to the thin film character, the 
cost of III—V ELO cells will be lower than the cost of monocrystalline silicon cells 
In addition, reuse of the GaAs substrate prevents depletion of gallium supplies 
in case of a large scale production of III V solar cells. After the ELO process, 
III—V solar cells are obtained in the form of a thin film which has a number 
of advantages. First, new possibilities are opened for combination of non-lattice 
matched materials, e.g. a Gao 5ІП0 s^ t o P c c " o n a n InGaAsP cell (1 1 eV, on InP), 
or even a silicon bottom cell. Secondly, because the solar cell can be accessed from 
two sides, light trapping schemes can be used which result in a thinner solar cell 
with higher efficiency. Thirdly, instead of a rigid support, a flexible plastic foil 
can be chosen as a second substrate In this case the cells can be bent in order 
to fit e.g. the curves of panes on a roof. The use of thin film III—V solar cells 
therefore presents a number of new, exciting opportunities 
The outline of this thesis is as follows. In chapter 2 the growth of Gao 5ІП0 5P 
by Metal Organic Chemical Vapour Phase Epitaxy (MOVPE) is described Pres­
ently, MOVPE is the main production process for III—V solar cells because it is 
better suited for large areas and growth of phosphorous containing compounds 
than other techniques like Molecular Beam Epitaxy (MBE), Liquid Phase Epi­
taxy (LPE) or Vapour Phase Epitaxy (VPE) [17,18] In this chapter the optical 
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Figure 1.3: Structure of the Gao 5ІП0 5P unit cell for the ordered phase 
with CuPt-type ordering on the (111) plane. 
and electrical quality of G a
x
I n ( ! _
x
) P is determined as a function of composition 
(x) and MOVPE growth conditions (TMGa/TMIn fraction, growth temperature, 
V/1II ratio). 
In chapters 3 and 4 the minority-charge carrier lifetimes of G a
x
I n ( i _
x
) P be­
tween different cladding layers are described. The minority-charge carrier lifetime 
is the most important material parameter for solar cells. The results presented 
in chapter 3 demonstrate that the minority-charge carrier lifetime of intrinsic 
Ga ( ) 5ІП0.5Р is in the microsecond range, close to the radiative limit. The inter­
face recombination velocity of the Ga 0 .5lno.5P/(Al x Gan_ x ))o 5ІП0 5P interface is 
described as a function of the aluminium content of the cladding layer (x). 
In chapter 4 a special double hetero structure 4 is made which consists com­
pletely of Gao 5ІП0 5F (intrinsic material with a single composition). The interface 
In this case the term double homo structure would probably be better. 
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recombination which is present in case of aluminium containing cladding layers is 
thus excluded In this double hetero structure the variation in bandgap is obtained 
by deliberately making layers with an ordered and a disordered nucrostructure In 
general, different group III atoms mix equally on the group III sublattice, this is 
called a disordered structure However, for certain III-V materials ordered struc­
tures are found In the case of Gao 5ІП0 5P CuPt-type ordering takes place which 
means that the different group III atoms occupy alternating (111) planes of the 
group HI sublattice (see figure 1 3) Completely disordered (D) Gao 5ІП0 5P has 
a bandgap of 1 92 eV (at R Τ ) whereas for ordered (O) material the bandgap is 
reduced up to 180 meV ( = 1 74 eV), depending on the degree of ordering For the 
aluminium free Gao 5ІП0 5P D-O-D double heterostructure an ultra low interface 
recombination is reported 
Chapter 5 contains electrical measurements on a two-dimensional electron gas 
(2-DEG) formed at the modulation doped ordered-disordered Gao 5ІП0 5P homo-
junction High resolution Transmission Electron Microscopy (HRTEM) and tem­
perature dependent Hall measurements of the 2-DEG mobility are used to describe 
the microstructure of the ordered state It is shown that the ordered state con­
sists in fact of ordered domains embedded in a disordered matrix From HRTEM 
measurements an onentational behaviour of the ordered domains is found and 
the size of the domains can be determined for two directions From the temper­
ature dependent mobility measurements an estimate can be derived for the size 
of the domains in the third direction In addition to this structural information, 
a record room temperature channel conductivity was obtained for the 2-DEG at 
the disordered-ordered interface which is important for high speed operation of 
electronic devices 
Chapter 6 starts with the fundamental solar cell theory from which a simple 
model for calculation of the maximum solar cell efficiency and quantum efficiency 
is derived In this chapter the development of the single junction GaAs solar 
cell at the University of Nijmegen is described Important factors for improve­
ment, changes in material quality and in cell structure, are explained and the 
improvement of efficiency in time is presented 
In chapters 7 and 8 the development of the epitaxial lift off (ELO) GaAs cell is 
described The new developed ELO process is discussed in detail and important 
issues like etch velocity and prevention of cracks in the thin film are addressed 
Process routes for ELO cells are discussed and the first efficiency results for LLO-
GaAs cells are given 
Chapters 9 to 11 contain the evolution of the Gao 5ІП0 5P solar cell In chapter 
9 one of the first G a 0 5Ino sP solar cells is described which was produced shortly 
after the successful growth of the first Gao sino 5P layers The first cell did not 
contain a window layer and lacked also a back surface field which resulted in a cell 
efficiency of 4 5% Chapter 10 describes the search for a good passivation layer 
for the front surface of the Gao 5ІП0 5P cell Three different window layers were 
examined ordered G a 0 5ІП0 5P, (Al0 5 G a 0 5)0 5In 0 5P and Al0 5ІП0 5P The best 
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cell results wore obtained with a thick Alo 5ІП0 s^ window layer (12.8%). It was 
found that the need for a thick window layer was imposed by the low obtainable 
doping level of the ЛІо 5ІП0 5P. This problem could be solved by choosing a 
different substrate orientation. The (511)A orientation which may be considered 
as a crystal plane with (100) terraces, has substantially more steps on the surface 
than the normal (100) orientation. This greatly enhances the zinc doping incorp­
oration and as a consequence the Gao 5ІП0 5P cell efficiency could be improved to 
15% winch should be compared with a theoretical efficiency of 17.5% These last 
results for growth on (511 )A GaAs are described in chapter 11. 
The last part of this thesis starts with a detailed investigation on the reuse of 
GaAs substrates after ELO (chapter 12). Results for the minority carrier lifetime, 
Hall mobility and surface roughness are presented as a function of the number of 
reuses It is demonstrated that the GaAs substrate can already be used at least 
four times, without degradation of the material properties of the thin ELO film 
The environmental issues which were mentioned before, concern the very toxic 
source materials arsine (АэНз) and phosphine (PH3) which are used for produc­
tion of III V solar cells Chapter 13 contains a comparison of different waste gas 
methods for MOVPE systems Three basic processes are described which convert 
the toxic arsine into less harmful compounds An overview is presented for the 
use of primary and secondary materials and the waste production. A qualita­
tive conclusion is drawn based on the environmental loads caused by the different 
systems 
The last chapter of this thesis is dedicated to a case study of an accidental 
release of arsine A summary of short and long distance emission models is pre­
sented and émission concentrations are calculated for different situations which 
could lead to accidental releases. A number of safety measures are suggested which 
reduce the exposure concentration of the operator and the emission concentration 
to the environment to acceptable values. 
1.3 Future perspective on I I I -V solar cells 
In the last five years there have been a number of developments, which significantly 
influence the cost of III-V solar cells. The future perspective on III-V cells is 
based on these developments and on an extrapolation of current trends. In 1990, 
a calculation for the cost of III V solar cells was made for the first time by 
Alsema [19]. In view of the recent developments a new overview for the current 
(1996) and estimated future cost of III-V solar cells is needed. This is presented 
in (he appendix at the end of this chapter. 
The cost of III-V solar cells can be divided in four contributions: cost of 
the crystalline GaAs, germanium or silicon substrate, cost of metalorganic source 
gases, investment cost of the MOVPE equipment and other process related cost 
( eg photolithography, contacts, other equipment). Main cost factor of current 
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ΠΙ V solar cells is the GaAs substrate This substrate can however be replaced 
by a germanium substrate which is nearly a factor of four less expensive. On 
the other hand, reuse of the crystalline substrate in combination with the FLO 
process may even further reduce the cost. In this thesis it is shown that an ELO 
cell of 10% efficiency can be made (chapter 8) and that a GaAs substrate may 
be used at least four times (chapter 12). It is expected that in the near future 
ELO cell efficiency will increase to the level of thick GaAs cells and that the GaAs 
substrate may be used for 50 times. For this number of uses the initial substrate 
thickness should be 500 μτη since an estimated 200 μπι of substrate will be used5 
In this case a reduction in III V cell cost of more than an order of magnitude 
is obtained. Although the ELO process was developed on a GaAs substrate, 
there are no limitations for application with a germanium or silicon substrate 
Combination of ELO and the multiple use of a germanium substrate may reduce 
the substrate cost to fl 500/m 2 . Finally, the use of silicon substrates for growth 
of III V compounds was not very successful, but the rapid development of nitride 
materials opens up new combinations of III—V materials The existence of III—V 
materials with a useful bandgap for solar energy conversion which can be grown 
(even lattice matched) on silicon was recently demonstrated [20,21] 
The second cost factor of III V solar cells is cost of metalorganics used in the 
MOVPE process In the appendix, current cost for small quantities of metal­
organics (1 kg on a yearly basis) are given These materials are made by a 
batch process due to the limited amounts which are used worldwide Larger 
quantities, such as needed for a significant solar cell production, will be made 
with a continuous production process. It is expected that this will reduce the cost 
of metalorganics by at least a factor three, which is a very conservative estimate 
The production of tertiarybutylarsine (TBAs) and tertiarybutylphosphine (TBP) 
can be used as an example These materials which are currently produced in 
a batch process, are used as replacements for arsine and phosphine Due to the 
strongly enhanced use, presently the transition to a continuous production process 
is made. This will result in a better purity of the materials and a significant cost 
reduction in the next few years [22]. 
The third cost factor is investment for the MOVPE equipment In the last 
three years Aixtron developed a large scale reactor especially for solar cells [17] 
This reactor is based on the rotary gas foil principle and it delivers 0 25 irr of 
solar cells per run. In addition, it uses metalorganics with an efficiency of 40% 
Based on the current developments, it is expected that in the near future a rotary 
gas foil MOVPE reactor can be developed which delivers 1 m 2 per run and uses 
metalorganics with an efficiency of 50%. This up scaling of the MOVPE process 
is an essential step to reduce the investment cost. 
Finally, the cost of III—V solar cells is greatly influenced by the solar cell 
structure. Two approaches are considered which may reduce the cost First, a 
5
 40 times cleaning, 2 microns each time, 10 times polishing 10 microns each time. 
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very high efficiency of 40% may be obtained by making a three junction tandem 
cell Such a cell would have a minimal thickness of circa 6 /im Secondly, an ultra 
thin coll may be developed. In general a thinner cell leads to a lower consumption 
of metalorganics and higher throughput of the MOVPE reactor. Last years, the 
concept of ultra thin cells (UTC) has gained some interest for space applications 
because of the high power to weight ratio. An ultra thin cell is made by removal 
of the substrate (by etching or ELO) such that only the active solar cell material 
remains If we combine the ultra thin cell concept with the concept of light 
trapping and photon recycling^ the thickness of an ultra thin cell can be reduced 
from 4 μιη to 1 μπι Until now, light trapping in III—V solar cells was impossible 
because the back side of the cell could not be accessed. However, for an ELO cell 
the back side may be covered with a highly reflective back contact (see e g. [23]). 
Recently, a method was found for texturing the front surface of the device [24]. 
If the above mentioned developments are taken into account, the future cost 
of III V cells can be estimated and the cost of photovoltaic electricity generated 
by grid coupled flat plates can be compared for different solar cell materials. 
In table 1.2 four scenarios are displayed, based on an ultra thin ELO cell or 
a high efficiency multijunction cell and the multiple use of either a germanium 
substrate or a silicon substrate. This calculation makes clear that the ELO-UTC 
cell approach is expected to lead to the lowest future electricity price for III V 
solar cells This is due to the reduction in cost of metalorganic source gases for this 
cell type Although the expected electricity cost for multijunction cells is higher, 
this cell type may still become important if the cost reduction of metalorganics 
is larger than expected In addition, the high efficiency multijunction cell has 
some specific applications. First, the use of concentration for this cell type will 
reduce the cell cost with respect to the balance of system cost and thereby reduce 
the total electricity cost. Secondly, applications which require low weight and/or 
a small area power source will benefit from a high efficiency. Mobile equipment 
(radio, telephone) is a special case of small area and low weight For mobile 
equipment solar cell electricity needs to be compared with battery power. Since 
the cost of battery electricity is in the range of guilders per kWh, high power solar 
cells are serious potential candidates for this type of application. 
A comparison between different solar cell materials shows that the expected 
future electricity price of III V cells is comparable or slightly higher than that for 
p-Si or a-Si. It is however lower than that of crystalline silicon due to the thin 
film character of the cell and the ability to reuse the expensive single crystalline 
substrate Recause a substantial number of developments are still expected for 
III V solar cells in the near future, it is difficult to calculate the cost precisely 
In any case, the comparison between different solar cell materials demonstrates 
that 11IV solar cells are a candidate for future large scale electricity production 
Therefore a strong continuation of the research on III V solar cells is justified. 
This implies that losses due to non-radiative recombination are very low. 
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Table 1 2 Estimated future cell cost, (AMI 5) efficiency and electrici­
ty cost (2010-2015) for grid coupled flat plate photovoltaic systems in 
the Netherlands Roof indicates the situation for roof mounted solar 
cell panels, land indicates solar cell panels installed on land The solar 
cell materials are amorphous silicon (a Si), polycrystallme silicon (p-
Si), single crystalline silicon (c Si), epitaxial lift off ultra thin GaAs cell 
(ELO-GaAs, Ιμπι thick) on reusable germanium (Ge) or reusable sili­
con (Si) substrate and epitaxial lift off III V tandem cell (ELO-tandem, 
6 μτη thick) on reusable germanium or reusable silicon substrate (data 
from [13] and appendix at the end of this chapter) 
Solar cell Cell cost Efficiency Electricity cost 
Roof Land 
a-Si 
p-Si 
c-Si 
ELO-GaAs (Ge) 
ELO-GaAs (Si) 
ELO-tandem (Ge) 
ELO-tandem (Si) 
fl 50 / m2 
fl 200 / m2 
fl 3000 / m2 
fl 905 / m2 
fl 535 / m2 
fl 2055 / m2 
fl 1685 / m2 
10% 
18% 
24% 
25% 
25% 
40% 
40% 
fl 0 37 / kWh 
fl 0 36 / kWh 
fl 1 18 / kWh 
fl 0 53 / kWh 
fl 0 42 / kWh 
fl 0 62 / kWh 
fl 0 55 / kWh 
fl 0 44 / kWh 
fl 0 40 / kWh 
fl 1 21 / kWh 
fl 0 56 / kWh 
fl 0 45 / kWh 
fl 0 64 / kWh 
fl 0 57 / kWh 
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Appendix: cost of III-V solar cells 
Current cost of III-V solar cells 
S u b s t r a t e cos t 
2 inch GaAs, fl 150 per piece, effective area 15 9 cm 2 cost fl 94,350 / m 2 
4 inch Ge, fl 170 per piece, effective area 70 9 cm 2 , cost fl 24,000 / m 2 
M a t e r i a l cos t M O V P E 
Data is based on growth of GaAs with an Aixtron 3000 reactor 
1 /im on 1 m 2 = 1 cm 3 , density 3 5 g/cm 3 gives 3 5 g GaAs per μιη per m 2 
M G a = 69 7 (67 9%), 3 5 g GaAs contains 2 38 g Ga /(μτη m 2 ) 
MAS - 33 = (32 1%), 3 5 g GaAs contains 1 12 g As /(μπι m2) 
M T M G B = 114 7, for 3 5 g GaAs 3 92 g T M G a /(μιη m 2 ) is needed 
MASH 3 = 36, for 3 5 g GaAs 1 22 g AsH 3 /{μιη m 2 ) is needed 
Wafer yield = 95%, МО-efficiency = 40%, V/HI = 20 (AsH3-efficiency = 2%) 
T M G a consumption 10 3 g/(pm m 2 ) , cost T M G a = fl 5000/100 gram 
АьН3 consumption 64 2 g / ^ m m
2 ) , cost АвНз = fi 1500/2500 gram 
GaAs cell thickness 4 μχη 
T M G a cost for this cell fl 2060 / m 2 
АвНз cost for this cell fl 154 / m 2 
Usage Η 2 carrier gas 
total flow 100 slm, growth velocity 4 /im/hr, run time 2 hours, 1 run gives 0 25 m 2 
one run uses 12 m 3 H2, this is 48 m 3 H2 per m 2 
cost H 2 = fl 3 / m
2
, fl 144 / m 2 
Total cost MOVPE materials fl 2358 / m 2 
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Table 1.3: Total Current cost of GaAs cells with an efficiency of 22%, 
divided in substrate cost, MOVPE source materials cost, MOVPE in-
vestment and other. 
Cost item GaAs substrate Ge substrate 
Substrate fl 
MOVPE material fl 
MOVPE investment fl 
Other fl 
94350 / m 2 fl 
2358 / m2 fl 
685 / m2 fl 
662 / m2 fl 
24000 / m2 
2358 / m2 
685 / m2 
662 / m2 
Total 
(Land situation) 
(Roof situation) 
fl 98055 / m 2 fl 27705 / m2 
(fl 33.08 / kWh) (fl 9.80 / kWh) 
(fl 33.03 / kWh) (fl 9.68 / kWh) 
M O V P E e q u i p m e n t 
Total investment fl 3,000,000, 20% per year 
12 runs per day, 365 days a year, 80% uptime, 0.25 m 2 per run 
Investment fl 600,000 per year / 876 m2 per year gives fl 685 / m 2 
Other 
Investment for photolithography, contacts, ARC coating fl 400,000, 20% per year 
Labour fl 500,000 per year 
Total cost fl 580,000 per year / 876 m2 per year = fl 662 / m 2 
Cost for water, electricity and organic solvents is negligible. 
Estimated future cost of I I I -V solar cells 
The future cost is calculated by using a conservative estimate concerning cost 
reductions. 
16 
INTRODUCTION 
Substrate cost 
No significant decrease in cost for GaAs, Ge or Si substrates is expected Due to 
the significant volume increase caused by solar cell production a cost reduction of 
10% for GaAs and Ge substrates should be possible 
2 inch GaAs fl 84,915 / m 2 , 50 times use, cost fl 1698 / m 2 
4 inch Ge fl 21,600 / m 2 , 50 times use, cost fl 432 / m 2 
6 inch Si fl 50 per piece, 165 cm 2 effective area 
6 inch Si fl 3050 / m 2 , 50 times use, cost fl 60 / m 2 
Material cost M O V P E 
Reduction price T M G a χ 1/3 T M G a = fl 172 / (μιτι m 2 ) 
Correction МО-efficiency from 40% to 50% 
T M G a = fl 1 3 8 / ( μ π ι π ι 2 ) 
AsH 3 = fl 31 / (/im m 2 ) 
H 2 200 sim, fl 3 / m
3
, 1 m 2 solar cells per run, fl 36 / (hr m 2 ) 
Cell thickness 
Run time 
TMGa 
AsH3 
H2 
Total 
GaAs UTC 
fl 
fl 
fl 
fl 
1 μπι 
1 hour 
138 / m2 
31 / m 2 
36 / m 2 
205 / m2 
III -V 
fl 
fl 
fl 
fl 
mul tij une 
6 μπι 
2 hours 
828 / m2 
186 / m2 
72/ m2 
1080 / m2 
M O V P E e q u i p m e n t 
Aixtron "4000" 
Total investment fl 4,000,000, 20% per year Я 800,000 per year 
365 days a year, 80% uptime, 1 m 2 per run 
GaAs U T C , 24 runs a day, 7000 m 2 per year, fl 114 / m 2 
III-V Mult i junct ion, 12 runs per day, 3500 m 2 per year, fl 228 / m 2 
Other 
GaAs U T C 
Total investment fl 80,000 per year / 7000 m 2 = fl 12 / m 2 
Labour fl 1,000,000 per year / 7000 m 2 = fl 143 / m 2 
III-V mult i junct ion cell 
Total investment fl 80,000 per year / 3500 m 2 = fl 24 / m 2 
Labour fl 1,000,000 per year / 3500 m 2 = fl 286 / m 2 
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Table 1 4 Total estimated future cost for ELO-UTC GaAs cell with an 
efficiency of 25%, divided in substrate cost, MOVPE source materials 
cost, MOVPE investment and other 
Cost item GaAs substrate Ge substrate Si substrate 
Substrate fl 1698 / m2 fl 432 / m 2 fl 60 / m2 
MOVPE material fl 205 / m2 fl 205 / m 2 fl 205 / m2 
MOVPE investment fl 1 1 4 / m 2 fl 114 / m 2 fl 114 / m2 
Other fl 155 / m 2 fl 155 / m 2 fl 155 / m2 
Total fl 2 1 7 2 / m 2 fl 906 / m 2 fl 534 / m2 
(Land situation) (fl 0.93 / kWh) (fl 0 56 / kWh) (fl 0.45 / kWh) 
(Hoof situation) (fl 0 9 0 / k W h ) (fl 0.53 / kWh) (fl 0 42 / kWh) 
Table 1 5 Total estimated future cost for III V multijunction cell with 
an efficiency of 40%, divided in substrate cost, MOVPE source materials 
cost, MOVPE investment and other 
Cost item GaAs substrate Ge substrate Si substrate 
Substrate fl 1698 / m 2 fl 432 / m 2 fl 60 / m2 
MOVPE material fi 1086 / m2 fl 1086 / m 2 fl 1086 / m2 
MOVPE investment fl 228 / m2 fl 228 / m 2 fl 228 / m2 
Other fl 310 / m2 fl 310 / m2 fl 310 / m2 
Total fl 3322 / m2 fl 2056 / m 2 fl 1684 / m2 
(Land situation) (fl 0 87 / kWh) (fl 0 64 / kWh) (fl 0 57 / kWh) 
(Hoof situation) (fl 0 8 5 / k W h ) (fl 0.62 / kWh) (fl 0.55 / kWh) 
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OPTICAL AND ELECTRICAL 
QUALITY OF GalnP GROWN ON 
GaAs WITH LOW PRESSURE 
METALORGANIC CHEMICAL 
VAPOUR DEPOSITION 
P R Hageman, A van Geelen, W Gabnelse, G J Bauhuis, L J Gihng, Journal 
of Crystal Growth 125, 336 (1992) 
Abstract 
The growth of GalnP has been investigated ¡n a low pressure MOCVD reactor 
Experiments have been performed m order to study the influence of several para-
meters on the growth process, such as the influence of the growth temperature, 
/Ш ratio and total gas flow on the solid composition and on the growth rate 
The optical and electrical quality of the grown GalnP layers is discussed m relation 
to the amount of lattice mismatch of the epilayers Finally, the morphology of 
the epitaxial GalnP layers is described A defect, typical for the growth of GalnP 
on GaAs, ¡s presented A hypothesis of the origin of this defect is given which 
results in a method to avoid its formation 
2.1 Introduction 
The labt few years there has been a great interest in the ternary III—V semicon-
ductor Ga x In( i_ x )P , especially when lattice matched to GaAs due to its potential 
in opto-electronic devices as lasers and solar cells [1 4] It can be employed as 
active layer in laser diodes, in particular in combination with AlGalnP acting as a 
cladding layer [2] In this way it is possible to obtain lasers operating near 670 nm 
Even shorter wavelengths can be realized if quantum well heterostructures con-
sisting of these two semiconductors are used [2,5 7] A second field of interest 
for this material is that of high efficiency solar cells In order to obtain these high 
efficiencies, it is inevitable to use multijunction solar cells Recently a tandem 
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solar coll consisting of a GaAs bottom and a G a l n P top cell, interconnected with 
a GaAs tunnel diode, demonstrated an efficiency of 30 2% [3] 
The great interest in this material can be explained when its material qualities 
are compared with the more frequently used ternary alloy AlGaAs When lattice 
matched to GaAs, G a l n P has a direct bandgap of around 1 9 eV [1,8,9] which 
is as large as AlGaAs containing around 40% aluminium This is about the 
maximal bandgap without AlGaAs becoming indirect However, GalnP suffers 
none of the problems which are connected with AlGaAs When growing AlGaAs 
with MOCVD one has to be extremely careful to avoid traces of oxygen and 
moisture in the reactor [10,11] These contaminants will lead to high resistivity 
and bad optical quality of the samples Contrary to AlGaAs, GalnP is relatively 
insensitive towards traces of oxygen and moisture [10] This makes the growth of 
G a l n P easier than of AlGaAs As a result of this the GaAs/GalnP interface shows 
a remarkable low recombination velocity, as low as 1 5 cm/sec [12], which is about 
30 times lower than the best values reported for the AlGaAs/GaAs interface (53 
cm/sec [13]) Another advantage of GalnP, lattice matched to GaAs, compared to 
AlGaAs is the fact that it possesses no so called DX-centres So it is no problem 
to grow highly doped η-type GalnP, in contrast to AlGaAs in which a decrease 
of the free carrier concentration is observed with increasing aluminium content 
while the dopant input concentration is kept constant [14] 
Although it seems that G a l n P has only advantages over AlGaAs and no dis­
advantages there are still several drawbacks One of the main problems of this 
material is composition control Independent of the growth method used (LPE, 
VPC, MO( \ D, MBE or GSMBE) control of the alloy composition must be within 
0 1 r) °A absolute, because of the large differences in lattice constants of InP, G a P 
and GaAs [15] In growing AlGaAs this problem does not occur because of the 
small difference in lattice constant of AlAs and GaAs Furthermore the differ­
ence m thermal expansion coefficients between GaAs and G a l n P [15] can cause 
additional stress in the grown epilayers upon cooling down from growth to room 
temperature 
Additionally, when G a l n P is grown with MOCVD techniques, the material 
exhibits a typical behaviour Depending on growth conditions like the growth 
temperature growth rate, V/1II ratio and substrate orientation, the bandgap can 
range between high ( Ä I 9 cV) and low ( « 1 8 eV) values for a fixed composition, 
lattice matched to GaAs [16] The shift in bandgap energy can be as large as 
100 meV at room temperature [17,18] This behaviour of the bandgap energy is 
thought to originate from a CuPt type of ordering on the group lll-sublattice 
Ordered material shows low values of the band gap energies and completely dis 
ordered material exhibits the highest values [16 21] 
In this chapter we will present the growth and characterization of high quality 
GalnP material grown in a low pressure MOCVD reactor The influence of the 
growth temperature, V/III ratio, total gas flow and gas phase composition on 
the quality of the Ga lnP epilayers is investigated Electrical and optical qualities 
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of the grown material are examined with C-V, Hall-Van der Pauw and photolu-
ішпеьсепге measurements Our samples exhibit, to our knowledge, the highest 
mobilities reported in literature so far 
2.2 Experimental procedure 
All samples were grown in a commercial available low pressure MOCVD reactor 
with a horizontal reactor cell [22] Pure arsine (ЛвНз) and phosphine (PII3) were 
used as group V species For the group III species trimethyl gallium (TMG) and 
tnmethyl indium (TMI) were used as precursors All growth experiments were 
performed on (100) 2 degrees towards [110] oriented GaAs wafers The growth 
runs were performed at a reactor pressure of 20 mbar and at growth temperatures 
between 580°C and 700°C The total gas flow through the reactor was chosen to 
be 5 or 7 slm respectively, while the V/III ratio was varied between 50 and 400 
r lhe mole fractions TMG and TMI varied between 0 0043% and 0 0065% each 
The resulting growth rate varied, depending on the growth temperature and total 
gas flow and amount of group III precursor, between 1 and 2 2 μιη/Ιι 
The solid composition of the layers was determined using electron micro-
probe analysis (EPXM A) and X-ray diffraction Transmission electron microscopy 
(ТЕМ) and high resolution transmission electron microscopy (HRTEM) were used 
to investigate dislocations in the GalnP epilayers and to determine the amount of 
ordering All samples were electrically characterized by Hall-Van der Pauw meas­
urements performed at room temperature Temperature dependent Hall-Van der 
Pauw measurements down to 4 2 К were performed at some selected samples 
The optical material quality of the grown G a K I n ( ] _ x ) P epilayers was investig­
ated by photoluminescence measurements These measurements were performed 
at room temperature and 4 2 К At the latter temperature, the sample was 
mounted in a cryostat with the sample in He exchange gas Optical excitation was 
provided by the 2 41 eV (514 5 nm) line from an Ar + laser with an excitation den­
sity of 5 3 W / c m 2 The luminescence was dispersed by a double monochromator 
fitted to a cooled photomultipher tube with a SI response 
2.3 Results and discussion 
2.3.1 Influence of growth temperature on solid composition 
and growth rate of G a l n P 
Experiments were done in order to study the influence of growth temperature 
on composition of G a
x
I n ( i _
x
) P epilayers and on growth rate of this material 
In these experiments growth temperature was chosen between 580 °C and 700 °C 
while the gas phase composition was kept constant This implies that the fraction 
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Figure 2.1: Plot of ratio of rates of incorporation of gallium and indium 
growth species (a) and growth rate (R) versus reciprocal temperature 
(1000/T). <y is defined as r-T M a where ÍTMG is the concentration inde-
pendent growth rate of GaP and гтмі is the concentration independent 
growth rate of InP as defined in section 2.3.1. 
trimethylgallium in the gas phase X Q ( = гтмоі + ÍTMII ) a n c^ ^ n e V/III ratio, i.e. 
the ratio between the amount of phosphine and the total amount of group III 
growth components (TMG + TMI), was unchanged. The total amount of group 
III species in the gasphase was 0.018%, the V/III ratio was 250. 
In figure 2.1 the growth rate is plotted versus reciprocal temperature. From 
this figure it is clear that at growth temperatures higher than 650°C the growth 
rate of GaxIn ( ι _ X ) P is temperature independent, which implies that the growth 
rate in this temperature region is gas phase diffusion limited. Because of the high 
V/III ratio used (250), the group III growth species are the growth rate limiting 
species. 
The diffusion of these growth components through the gas phase towards the 
growing surface is the limiting factor in the growth rate of G a
x
I n ( i _
x
) P at these 
temperatures. At growth temperatures below 650 °C the growth is temperature 
dependent with an apparent activation energy, E
a c t , of 6 kcal/mole as can be de-
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diiced from figure 2 1 This value for E
a c
t indicates that the growth is determined 
by gas phase diffusion coupled to gas phase decomposition of at least one of the 
group III growth components, ι e T M G or TMI However, in growing CaAs in 
the same reactor at the same temperature and pressure conditions the same ap 
parent activation energy (4 2 kcal/mole) has been found [22] This means that 
in this temperature region probably the decomposition of TMG in the gas phase 
coupled to the diffusion through the gas phase of Ga growth species is the limiting 
factor in the growth of G a
x
I n ( ! _
x
) P This is consistent with the fact known from 
literature that the decomposition of TMG is completed at higher temperatures 
than that of TMI [23-28] When gas phase decomposition kinetics would solely 
determine this process an apparent activation energy of about 20 kcal/mole would 
have been found [29] 
In figure 2 1 also the ratio of the incorporation rates of gallium and indium 
species, a, is plotted versus reciprocal temperature This ratio a is defined as 
ггмс/гтмі In this expression ? I M G IS» the concentration independent growth 
rate of G a P and гтмі is the concentration independent growth rate of InP [30] 
The observed growth rate is given by 
r = C0f (2 1) 
Where Co is the input concentration of the group III component Lxplicit 
expressions for г are not really needed here Гог the regimes where transport 
through the gas phase is rate determining or where the chemical kinetics dominait 
it is given that [30] for the diffusionally limited process 
r ( D o , v 0 , h , z , T ) = A ^ e x p ( - B ^ £ ) , (2 2) 
h v0h h 
and for the kinetically limited process 
r(ko.T) = k ° e x P ( - f f ) (2 3) 
D0 = the binary diffusion coefficient of 
the group III component at room temperature 
v0 = the mean horizontal gas flow velocity 
h = the free height above the susceptor 
7 = the coordinate along the susceptor (heating starts at z=0) 
А,В = temperature-dependent dimensionless numbers, which arc 
a weak function of Τ and the thermal diffusion factor α χ oiil> 
ко = pre-exponential factor of the rate constant 
L
a
 = activation energy for chemical reaction 
or reaction enthalpy for equilibria 
I = growth temperature 
R = gas constant 
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Figuro 2.2: Plot of the ratio of the fraction gallium (Хва) to the fraction 
of indium (1-Xfja) in the G a
x
I n ( i _
x
) P epilayer as a function of the ratio 
of input mole fractions TMG ( P T M G ) and TM1 ( P T M I ) at three different 
growth temperatures. The dashed lines represent the lattice matched 
region around l - X c 
A detailed discussion of these equations is given by Van Sark et al. [30]. 
At temperatures lower than 660 °C, the factor α decreases with decreasing 
temperatures. The decreasing factor α indicates decreasing (concentration inde­
pendent) growth rate of GaP. This supports our view that decomposition of TMG 
is most probably the rate limiting factor of the growth rate at these temperatures. 
At higher temperatures, above 660 °C, α levels off to about unity. This result 
again points to a gas phase diffusion limited growth process at these temperatures. 
The difference in diffusion coefficient between Ga and In growth species is small 
(~ 15%) enough to ensure that it has hardly any noticeable effect on the solid 
state composition. 
In figure 2.2, the ratio of the fraction gallium in the solid state ( X c
a
) and 
the fraction indium in the solid state (1 — XGa) is plotted versus the ratio of 
the input partial pressure TMG and the input partial pressure TMI for three 
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Figure 2.3: X-ray rocking curves for a) slightly mis-matched epilayer and 
for b) perfectly lattice matched epilayer of GalnP on GaAs at 300 K. 
different growth temperatures. In these experiments the input partial pressure 
TMI is kept constant and the input partial pressure TMG is varied. At all three 
growth temperatures this ratio ( Х с
а
/ ( 1 — Xca)) varies linearly with the ratio of 
the input partial pressures ( P T M G / P T M I ) · In all these situations the slope is 
about 0.7. In case of gas phase diffusion limited growth of a III—V semiconductor 
with mixing on the group III sub-lattice like GalnP, the amounts of indium and 
gallium in the solid state should correspond to the partial pressures of TMI and 
TMG in the gas phase, i.e. the distribution coefficient between the gas phase and 
the solid state should be about one. The deviation we obtained in our experiments 
from this theoretical distribution coefficient must be explained by a non linear, 
but reproducible, behaviour of the electronic TMG massflow controller. 
At higher temperatures, more TMI (relative to TMG) is needed in the gas 
phase in order to grow lattice matched material at a fixed indium content. Most 
probably this is caused by a larger desorption rate of indium growth species than of 
27 
Chapter 2 
В 
2.0 
1.8 
1.6 
1.4 
1.2 
- ι — ι — ι — ι — ι — ι — ι — г — τ — ρ 
Flow=7 sim 
i-i ί г 
ι ' ' 
T=600 
Т=640 
Т=700 
1 Л I ι ι ι—ι I ι ι ι ι—I ι ι ι ι I — ι — ι ι ι 1 ι_ 
0 100 200 300 400 
V/III 
500 
Figure 2.4: Growth rate of the GalnP epilayers as a function of the input 
V/III ratio for throe different growth temperatures and for a total flow 
of 7 slrn. 
gallium growth species from the surface at higher temperatures. This is consistent 
with the lower value of the InP bond strength as compared to that of GaP. 
The dashed lines in figure 2.2 represent the boundaries of the region in which 
the G a
x
l i i ( i _
x ) P is still lattice matched to the GaAs substrate. In this chapter, 
we define lattice matching by a lattice mis-match of less than 1 χ I O - 3 around the 
exactly lattice matched composition Xca = 0.517 (at room temperature) [15]. 
It can be seen from this figure that at all three temperatures lattice matched 
epilayers can be grown by using different gas phase compositions of TMG and 
TMI. An example of this is given in figure 2.3. In this figure, two rocking curves 
are plotted of GalnP epilayers on GaAs substrates. In figure 2.3a, the epilaycr is 
slightly (tensile) mismatched (( — ) = —1 χ 10~3) and in figure 2.3b, a perfectly 
lattice matched epilayer is given. The FWHM of the rocking curve of the perfectly 
matched epilayer is only 21 arcsec. or less, a good value for this material. 
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2.3.2 Effect of V/III ratio and total gas flow on growth rate 
and solid composition 
Experiments have been performed in order to investigate the effect of the V/III 
ratio on the growth rate. In these experiments the amount of III component was 
kept constant and the concentration of phosphine in the gas phase was varied. 
The ratio between the concentration of TMG and TMI was chosen in such a way 
that lattice matched epilayers could be grown at the temperatures used. 
For a total gas flow of 7 slm (i.e. the sum of all the precursor flows and carrier 
gas flow) and at three different growth temperatures, the results are plotted in 
figure 2.4. From this figure it is obvious that the V/III ratio within the region 
investigated has no influence at all on the growth rate. From figure 2.4 one can 
conclude that at the two higher temperatures used (640 and 700 °C) the growth 
rate indeed is purely gas phase diffusion limited because both growth rates are 
exactly equal while at 600°C the growth rate is smaller because gas phase kinetics 
still plays a role. 
0.55 
0.50 
0.45 
0.40 
0 100 200 300 400 500 
V/III 
Figure 2.5: Gallium content X c
a
 of the G a
x
I n ( ! _
x
) P epilayer as a func­
tion of V/III ratio at different temperatures. 
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In figure 2.5 the gallium composition in the G a l n P epilayer is plotted versus 
the V/III ratio for the three different growth temperatures used (600, 640 and 
700 °C). At the two highest temperatures, i.e. 640 and 700 °C, the solid com­
position, as expected, is independent of the V/III ratio. However, at 600°C the 
gallium incorporation increases as the V/III ratio increases. It appears that the 
decomposition of TMG, and thus the gallium incorporation, is stimulated by in­
creasing amounts of phosphine in the gas phase. It is known from literature that 
the pyrolysis of TMI is enhanced by the presence of phosphine [15,31,32]. Similar 
observations have been made for the decomposition of TMG in the presence of 
arsine [26,28]. Now it appears that also the decomposition of TMG is enhanced 
by the presence of phosphine. The influence of total flow rate on the growth of 
GalnP was also investigated. It appeared that optimal results in our reactor were 
obtained for a total flow rate of 7 slm corresponding with a real gas velocity of 
228 cm/s in the reactor cell at the growth temperature. At lower total gas flows 
the composition uniformity over the wafer decreases due to enhanced depletion. 
Higher gas flows, however, lead to a temperature entrance region close to or even 
above the wafer, which has again a negative influence on composition uniformity, 
as well as on impurity incorporation. 
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Figure 2.7: Plot of the Hall coefficient ( R H ) (cm 3 /C) of an GalnP sample 
versus the reciprocal temperature (1000/T ( K - 1 ) ) . 
2.3.3 Electr ica l and opt ical qua l i ty of G a l n P layers 
The electrical quality of the grown samples was evaluated with Hall-Van der Pauw 
measurements at room temperature using a cloverleaf configuration. All grown 
samples were η-type, with carrier concentrations ranging from 1 to 10 χ IO 1 5 c m - ? 
The mobility exhibited a much greater spread, mainly depending on the amount of 
lattice mismatch. In figure 2.6 the mobility is plotted versus the solid composition 
of the epilayers. The dashed lines represent the boundaries of the lattice matched 
region. From this figure it can be concluded that the highest values for the mobil­
ities are obtained in the lattice matched area. In these samples only elastic strain 
is present, no misfit dislocations were observed. The mobility values around 6000 
cm
2 /Vs are to our knowledge the highest values reported in literature. However, 
some care has to be taken in comparing the values of the mobilities of different 
samples because the degree of ordering of the material can influence these values 
drastically [33,34]. 
To check whether the presence of a 2-DEG could have affected our mobility 
values we performed magneto photoluminescence (MPL) measurements [35] and 
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Figure 2.8: Photoluminescence spectra recorded at 4.2 К for A) a slightly 
mis-matched sample and B) a perfectly lattice matched G a l n P epilayer. 
temperature dependent. Hall-Van der Pauw measurements. Both measurements 
did not give any indication of such a 2-DEG in contrast to some effects reported 
in literature [1,36]. Instead, the temperature dependent Hall-Van der Pauw meas­
urements gave an indication that in a sample at low temperatures a "hopping" 
conduction mechanism is present, instead of the usual carrier freeze out [37]. 
This is illustrated in figure 2.7. In this figure the Hall coefficient ( R H ) is plotted 
versus the reciprocal temperature ( K _ 1 ) . In the lower temperature region the Hall 
coefficient exhibits a sudden sharp drop. This behaviour is typical for a hopping 
type of conduction [38]. 
The data points plotted in figure 2.6 were obtained from samples with carrier 
concentrations of 1 to 10 x Ю 1 5 c m - ? The corresponding mobilities are relatively 
high, which ensures, in combination with the carrier concentrations, a low com­
pensation ratio for those samples. This implies that the epilayers, which were all 
η-type. contain only low concentrations of acceptor atoms. So the effect of the 
32 
OPTICAL AND ELECTRICAL QUALITY OF 
misfit dislocations on the mobility will not be screened by large amounts of com­
pensating acceptors [39] As in the lattice matched region no misfit dislocations 
are present, we indeed find an effect of strain on the electrical properties of the 
material in this region Samples grown with a larger mismatch exhibited a dislo­
cation pattern (see section 2 3 5) The electrical properties of these dislocations 
are most likely the reason for the lower values of the mobilities Future experi­
ments with more samples grown lattice matched at different growth temperatures 
may reveal a significant relation between the growth temperature and mobility 
The optical properties of the samples were measured using photoluminescence 
techniques at 4 2 К At this temperature all samples showed luminescence How­
ever, at room temperature some samples did not show any luminescence at all A 
typical luminescence spectrum at 4 2 К is given in figure 2 8B, for a slightly mis­
matched epilayer In this figure only one peak can be observed, which is common 
for this material This peak is generally assigned to a band to-band transition [1] 
For a perfectly lattice matched sample, we found a smallest FWHM at 4 2 К of 
9 4 meV for this band-to-band transition peak, as can be seen in figure 2 8A In 
literature sometimes, in less pure material, a second peak in the photolumines­
cence spectrum is detected which is ascribed to a conduction band to acceptor 
transition According to literature probably zinc is this acceptor [5,15] We did 
not find any indication of excitóme transitions in our material, which is in agree-
ment with literature results A possible explanation for the absence of excitóme 
transitions is the local perturbation of the bandedges, because of the presence 
of a microstructure in Ga lnP and the spatial separation of carriers and ionized 
dopants [40,41] 
In figure 2 9 the FWHM of the band-to-band transition is plotted versus the 
solid composition of the material The experiments were performed at different 
growth temperatures The experiments performed at 600 °C indicate that the 
lowest FWHM's are obtained for those samples which are lattice matched Tins 
coincides with results in literature [39,42] From this figure one can also conclude 
that in general the two higher growth temperatures (640 and 700°C) give better 
optical results Although the results of photoluminescence experiments obtained 
on our samples are good, the scattering of these results is rather large These 
variations of the photoluminescence signal originate from local variations of the 
material caused by the non homogeneous ordering in our samples This ordering is 
confined in domains of about 10 nm in diameter which are embedded in a matrix 
of disordered material This will be discussed in more detail in the next section 
2.3.4 Ordering of GalnP epilayers 
We investigated some of the grown samples with ТЕМ on the presence of the 
well known ordered structure In accordance with literature all these samples 
possessed a CuPt type of ordering on the {111} planes However, the ordering 
is only present in two of the four possible {111} planes, most probably the (111) 
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Figure 2.9: FWHM of photoluminescence peaks recorded at 4.2 К versus 
solid phase content gallium Xoa of G a l n P epilayers grown at different 
temperatures. The numbers correspond to the V/III ratio used during 
growth of each sample. The dashed lines represent the lattice matched 
region. 
and (111). One of these two planes shows a more intense diffraction spot than 
the other indicating that in this plane a higher degree of ordering is present. The 
diffraction pattern of the samples exhibited also so-called streaks in the <001> 
directions. The presence of these streaks suggests that the ordered regions are not 
perfect, i.e. the ordered domains consist of different type of microdomains [43]. All 
these ТЕМ observations coincide with results published in literature [16,44-48]. 
HRTEM investigations of an ordered sample revealed that the ordering starts 
at the GalnP-GaAs interface, so immediately when G a l n P starts to grow. Also the 
HRTEM measurements clearly show that ordering occurs on only two of the four 
possible {111} planes. In the ordered domains so-called Anti Phase Boundaries 
(APB) are observed. These are the result of an imperfect variation of the indium 
and gallium planes in the lattice. So two neighbour indium or gallium planes 
form an APB. This is conform literature results [47]. More information on ТЕМ 
measurements, ordering and the size of ordered domains is given in chapters four 
and five. 
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Figure 2.10: Bandgap at 4.2 К as measured with P.L. versus the solid 
state composition (Xua) of G a l n P epilayers. Numbers correspond with 
the V/III ratio used for growth of the epilayers. The dashed line shows 
the theoretical value for the bandgap at 4.2 К without ordering [55]. 
Ordering is known to affect the bandgap of the material, the bandgap shifts 
to lower values as compared to disordered material. The influence of ordering 
on the bandgap was investigated using PL techniques. It was found that the 
peakpositions at 4.2 К of the ordered samples were about 60 meV lower than 
theoretical values expected for the solid composition of the material [21]. 
We observed a strong influence of T g r o w t h and V/III ratio on the value of the 
bandgap. At a growth temperature of 600 °C, a maximum was observed in the 
bandgap at V/III = 175 while at 700°C the samples with the highest V/III ratio 
(400) showed the highest values for the bandgap. This is shown in figure 2.10. 
These results are comparable with the results published in literature [17,44,49,50]. 
2.3.5 M o r p h o l o g y 
The four samples grown in the lattice matched area (as defined before) show a 
specular surface, although some precautions had to be taken to avoid the growth 
of a typical defect on the surface. Samples with a tensional misfit larger than 
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(Да/an) < —1 4 χ I O - 1 show a misfit dislocation line pattern only in the [Oli] 
direction The samples grown under compression ((Да/ао) > 4 χ I O - 3 ) show a 
dislocation cross hatched pattern which is oriented in the [Oil] and in the [Oil] 
directions O/asa et al [39] performed double crystal x-ray diffraction meas­
urements on slightly mismatched G a l n P epilayers grown on GaAs and also had 
to conclude from these measurements that the tensile strain in the epilayers is 
re leased more easily than the compressive strain The difference in the misfit 
dislocation patterns between the tensile and compressive situations can be ex­
plained taking into account the a-symmetry of the zincblende structure of III—V 
compounds [51,52] 
2.3.6 Defects 
In the beginning of this investigation all G a l n P epilayers showed defects all over 
the surface The defect density increased going from the middle to the edges 
of the substrates The defects all have the same orientation, their length axis 
is oriented along the [Oil] axis 'J he density of the defects increased when the 
mate rial is grown at higher temperatures The defect density also increased using 
lower V/III ratios We observed these defects in both compressive and tensile 
strained material as well as in perfectly lattice matched G a l n P So this defect 
is not caused by stress relaxation as is described in [52] The defects showed a 
remarkable resemblance to the so-called "oval defects" described in [53] 
In order to investigate the origin of these defects GaAs epilayers were grown in 
the same cell and on the same susceptor as was used for the growth of the G a l n P 
layers and with the same experimental growth procedure These experiments 
resulted in GaAs layers covered with the same type of defects It has to be 
noticed that GaAs layers grown with the cell and susceptor used for the growth 
of GaAs exclusively, showed mirror like surfaces without any oval like defects 
Microprobe analysis of a cleaved and stained defect on the GaAs layer showed that 
the nucleus [53] of the defect consist of material with a high indium concentration 
I his nucleus is right on top of the GaAs substrate So probably some adsorbed 
indium from the susceptor or cell evaporates onto the GaAs substrate, leading to 
a defect In the defects on the G a l n P layers the indium content of the nucleus 
could not be measured due to the masking effect of large amounts of indium in 
the G a l n P epilayers 
Microprobe analysis of the defects on GalnP layers shows that these defects 
are all gallium rich compared to the epilayer This is especially true for layers 
grown at low temperatures (600 °C) This difference in composition of defect 
and epilayer decreases in going to higher temperatures At 700 °C, there is no 
diff< rence in composition between the defect and the epilayer left although the 
defects are still present Differences in enthalpies of formation of G a P and InP 
('24 4 and 21 2 kcal/mole [54]) indicate that the strength of the Ga - Ρ bond is 
larger than the In Ρ strength This is also true for the Ga As and In - As 
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bonds [54] So the indium species will diffuse more easily over the surface than 
the gallium species 
All these observations lead to the conclusion that these defects were caused by 
an initial adsorption of indium onto the GaAs substrate This indium originates 
from previous GalnP growth experiments on the same susceptor This is sup-
ported by the fact that if a susceptor is used on which the previous Ga lnP layer 
was covered with an GaAs caplayer the defect density is very low Desorption of 
indium from the susceptor and the following adsorption on the GaAs substrate 
results in the forming of an indium rich nucleus (InAs) on the GaAs substrate, 
which is incorporated into the GaAs buffer layer An alternative for this GaAs 
caplayer is a high temperature treatment of the susceptor with HCl 
The experiments described in the former sections of this chapter were all 
carried out with a "clean" susceptor which resulted in defect free epilayers with 
specular surfaces 
2.4 Conclusion 
GalnP epilayers have been grown on GaAs substrates The influence of several 
growth parameters as the growth temperature, V/III ratio and In /Ga ratio in the 
gas phase has been investigated It appeared that the growth rate of GalnP is gas 
phase diffusion determined for growth temperatures of about 650 °C and higher 
At temperatures lower than 650 °C the growth rate is determined by kinetics 
coupled to the diffusion through the gas phase The growth process exhibits an 
apparent activation energy of about 5 kcal/mole The decomposition of TMG 
is partly responsible for this Also decomposition of TMG is more effective in 
the higher temperature region This, together with the observation that indium 
growth species will desorb at higher temperatures, leads to the fact that one has to 
increase the TMI concentration in the gas phase when the growth temperature is 
raised in order to obtain the same solid composition At all growth temperatures, 
perfectly lattice matched GalnP epilayers could be obtained 
The V/III has no influence on the growth rate at the temperatures used, both 
at a total flow of 5 and of 7 slm At the two highest growth temperatures used 
(640 and 700 °C) the solid composition does not depend on the V/III ratio At 
600 °C the solid composition becomes more gallium rich when the V/III ratio is 
increased When the total flow rate through the reactor was increased from 5 to 7 
slm, with constant amounts of precursors, the growth rate decreased with about 
10% 
The electrical quality of our layers is excellent The mobilities measured in 
our samples are high, but are not due to the presence of an 2-DEG at the GaAs-
GalnP interface However, care has to be taken in comparing the values for the 
mobilities with values reported in literature because the ordering present in GalnP 
can influence this figure In one sample evidence has been found for a hopping 
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type of conduction at low temperatures. Photoluminescence experiments showed 
that our samples are of good optical quality. These experiments also point to 
the fact that ordering is common in our samples. This ordering is a function of 
the growth conditions Growing at high temperatures at moderate V/III ratios 
resulted in disordered material The morphology is specular whenever lattice 
matched material was grown but exhibited the typical cross hatched pattern when 
the samples were not perfectly lattice matched. It turned out that the use of a 
clean susceptor is necessary in order to avoid defects in the G a l n P epilayers. 
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MICROSECOND 
MINORITY-CHARGE CARRIER 
LIFETIMES IN GaInP 2 DOUBLE 
HETEROSTRUCTURES 
R A J Thomeer, Λ van Geelen, L J Giling, submitted to Semiconductor 
Science and Technology 
Abstract 
The behaviour of the minority-charge carrier lifetime for nominally undoped 
double hcterostructures of GalnP-2 with different barrier layers (A¡xGa^i_x)As, 
AHnP2, (Aio 5Gao 5)0 sino 5-P and GalnPi) has been investigateci We report 
GaInP2 room-temperature bulk-lifetimes m the microsecond range The inter-
face recombination velocity vanes strongly with the content of aluminium m the 
barrier layers S increases more than three orders of magnitude as the alumi-
nium concentration in the barrier layers is increased This strongly indicates the 
advantage of the use of aluminium free material for device applications 
3.1 Introduction 
Gao5iIno48P (hereafter GaInP2) lattice-matched to GaAs forms an attractive 
alternative to AlxGa(!_x)As in opto-electronic devices, such as solar cells, laser 
structures and light emitting diodes (LEDs) [1 - 3] Reasons are, amongst others, 
its high band-gap (Eg ~ 1 9eV) and the low interface recombination velocity (S) 
for the G a l n P i / G a A s interface [4] compared with values for typical Al xGa ( i_X )As/ 
GaAs interfaces Furthermore, the carrier-trapping DX-centre is not occupied in 
GaInP2 Por AlxGa^.xjAs the DX-centre is already occupied at χ = 0 22 leading 
to higher recombination rates [5] 
The minority-charge carrier lifetime (τ) is an important parameter in the de­
termination of the conditions for the optimum material quality of opto electronic 
devices It provides information on both the bulk-lifetime (тьыь) and the in­
terface recombination velocity (S), which are important for, for example, the 
window-emitter design in solar cell devices [6] 
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We present minority-charge carrier lifetimes for randomly alloyed (disordered) 
GdlnP.i double heterostructures (DHs) with various barrier materials made by 
metal-organic vapour phase epitaxy The alloys AlInP 2 , (Alo sGao 5)0 5ІП0 5P 
and AlxGad-xjAs (x = 0 50 and χ = 0 85) were grown lattice-matched to GaAs 
and acted as barrier layers Under certain conditions of growth, regions of long-
range ordering of the CuPt-type occur in GaInP2, which leads to a decrease of 
the band-gap [7] We have used this band gap decrease to grow and investigate 
an ordered GaInP2/disordered GaInP2 double heterostructure 
3.2 Experimental 
The double heterostructures were grown by metal organic vapour phase epitaxy 
at a total gas flow of 7 standard litres per minute and at a pressure of 20 
mbar The sources were tnmethylgalhum (TMG), tnmethylaluminium (TMA), 
trimethvlindium (TMI), pure arsine and pure phosphine The TMI concentra­
tion was kept constant via concentration measurement and feedback Hydrogen, 
purified by a palladium cell, was used as carrier gas Oxygen and moisture concen­
trations in tin reactor were typically lower than 10 ppb and 30 ppb respectively 
The ratio of the group V to group III components was 125 for the arsenic con­
taining compounds and 400 for the phosphorous containing compounds With 
exception of the d(isorderod)GaInP2/o(rdcred)GaInP2 DHs, all structures were 
grown on Si-doped (100) 2° off towards [100] oriented GaAs substrates al a growth 
temperature of Τ = 720 °C Along with the substrate orientation this resulted in 
a room temperature value for the band-gap of E g = 1 90 eV for the disordered 
GaInP_> layers The d-o (іаІпРг DHs, however, were grown on Si-doped (100) 
()° off towards [111] GaAs substrates at a temperature of 640°C for the ordered 
active laver and 740 °f for the barrier layers [8,9] (see also chapter four) Prior 
to growth of the double heterostructures an Al0 2Gao eAs buffer layer was grown 
to inimmi7e the o\ygui content in the reactor cell 
Гош senos of DHs were grown I he first series consisted of an active layer of 
d (ialnPo between ΑΙΙηΡτ barrier layers For the second series d-GalnPo sand­
wiched between (Alo ^Gao 5)0 5І"о sP layers was grown The third set consisted of 
о GaInP2 between d-GalnPo layers [9] The thickness of the active region of these 
sets was varied between 0 2 μπι and 2 0 /im All barrier layers had a thickness of 
0 I ) //m In order to further investigate the influence of aluminium in the active 
and barrier layers a fourth series of DHs was grown This set consisted of DHs 
with a d-GalnPj activo layer and Alo s G a 0 sAs or Alo ssGao 15A& barrier layers 
ami of two DHs with (AI 4 Ga(i_ x ))o 5ІП0 5P active layers The latter consisted 
of 0 '37 //m thick (Al
n
 HiGdij no)o solno 50P or (Al0 2oGa0 8 ( ) ) 0 50ІП0 50P active layer 
and ( Alo η()(κ»ο 4ч)о -¡oblo міР barrier layers bor an overview of these structures 
set table 3 1 
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Table 3 1 Overview of 300 К photoluminescence lifetimes of double het-
erostruclures The thickness of the active layers is indicated Гог all 
barrier layers the thickness was 0 15 μπι 
Active Layer 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
o-GaInP 2 
o-GaInP 2 
o-GaInP 2 
o-GaInP2 
d-GaInP 2 
d-GaInP 2 
(Alo ìoGao 90)0 50ІП0 50P 
(Alo 2oGao 80)0 50ІП0 50P 
Thickness 
(/ли) 
0 20 
0 33 
0 57 
2 00 
0 20 
0 33 
0 57 
2 00 
0 20 
0 33 
0 57 
2 00 
0 20 - 2 00 
0 33 
0 57 
0 57 
Barrier Layer 
AlInP 2 
AlInP 2 
AlInP 2 
AlInP 2 
(Alo 5Ga 0 5)0 5ІП0 5P 
(Alo 5Ga 0 5)0 5ІП0 5P 
( A l o 5 G a 0 5 ) o 5 l n o 5 P 
(А1о 5 Сао 5 )о5Іпо5Р 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
d-GaInP 2 
Alo 85Ga0 15AS 
Alo 5oGa0 5oAs 
(Alo 6oGao 40)0 50ІП0 50P 
(Alo 6oGao 40)0 50ІП0 50P 
Lifetime 
TVL (ns) 
120 
180 
350 
1200 
930 
1130 
1300 
2700 
1450 
1230 
1550 
880 
< 2 
90 
23 
8 
In order to prevent degradation of the lifetimes due to misfit-dislocations, care 
was taken to obtain closely lattice-matched structures To determine the condi­
tions for optimum lattice-matching, 2 0 μπι thick epilayers of АПпРг, ordered and 
disordered G a I n P 2 and (Alo sGao 5)0 5ІП0 5P were grown on GaAs wafers X-ray 
diffraction measurements showed that each of these structures was grown lattice-
matched to GaAs to within с = (a
e p i — a s u b)/(a s u b) = ± 2 χ 1 0 - 4 AU layers were 
nominally undoped In order to determine the residual carrier concentrations for 
our samples a test-structure, which consisted of a 10 0 /im thick GaInP2 epilayer 
on a GaAs substrate was grown This structure showed η-type conductivity at 
6 5 χ 10 1 4 c m - 3 from Hall- ν d Pauw measurements The quality of the samples 
was further checked by photoluminescence spectroscopy performed at 4 2 К The 
minority-carrier lifetimes were measured with the Time Correlated Single Photon 
Counting technique (TCSPC) [10] using 6 ps excitation pulses (A = бООпіп) at 
a variable repetition frequency from a dye-laser on Rhodamine 6G pumped by a 
mode-locked Ar + laser The recombming photons were counted by a Hamamatsu 
R943-02 photomultiplier, the signal of which was fed into a multichannel analyzer 
The experiments were carried out at low level excitations (n,.KC < Nmaj) to avoid 
bimolecular recombination and to ensure that only the minority-charge carrier 
lifetime was determined Temperature was varied with a flow cryostat 
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3.3 Theory 
For a DH the measured lifetime (TPL) ' S a function of various parameters In good 
approximation rpL l s defined by equation 3 1 [11] 
7T>L <j>TR TSRH d 
Where d is the active layer thickness, S the interface recombination velocity, 
which is assumed to have the same value at both interfaces, TR = l / B N
m a j is 
the radiative lifetime with В the radiative recombination constant (material de­
pendant) and N
m a j the majority-charge carrier density The radiative lifetime is 
multiplied by the photon recycling factor, φ, which accounts for the generation of 
new electron-hole pairs by self-absorbed photons [12] 
The rsRH results from Shockley-Read-Hall recombination [13,14], i e non-
radiative recombination at deep levels, TSRH = (N tv thffp)_ 1, with N t the density of 
recombination centres, v ^ the thermal velocity and σ
ρ
 the hole (minority carrier) 
capture cross section The first two terms on the right hand of equation 3 1 form 
the inverse bulk-lifetime 
The radiative recombination coefficient can be calculated according to a method 
proposed by Hall [15] 
Β = 0 » χ 1 „ - , ^ ^ ν ν 1 + ± + η ( ™ ν ν (32) 
Vm* + m^y V m ' m'hJ \ Ύ J 
Where m* and m^ are the electron and hole effective masses, in units of the 
fret cleri ron mass respectively [16], (T is the relative static dielectric constant and 
Cg (he handgap energy in eV [17] This results in room-temperature values of 
В ~ 2 0 χ 1 0 _ l n c m 3 / b for disordered Gd,InP2 and В ~ 1 9 χ I O
- 1 0
 cm
3 /s for or­
dered GalnP? Hence the radiative lifetime, ι e the maximum photoluminescence 
lif< tun« without photon recycling, in our samples is TR, ~ 8 ßs 
3.4 Results 
The results of time resolved measurements on all DHs are shown in table 3 1 
As an example, figure 3 1 shows the time-resolved phololuminescence data for the 
( Alo 5(^0 5)0 5I110 sP /GalnPo samples For some samples (especially at d=2 0 μιη 
in this rase) at first a non exponential behaviour is found, due to bimolecular 
decay However after approximately 4 //s all samples show exponential decay and 
a minority carrier lifetime ran be designated to the data 
1 igures 3 2 and 3 3 show τ\>^ versus d for the (Alo sGao 5)0 5ІП0 •>r>/GaInP2and 
AllnPo/GdlnPo DHs I rom equation 3 1 the corresponding interface recombina 
tion velocities (S) (slopes of the best fit through the data points) and bulk life 
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a 
Д 2 
,3 
о 
d = 0.33 μπι 
τ = 1.13 μβ 
d = 0.57 μπι 
τ = 1.30 μβ 
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ν. .;. ..**.·· Ή.*·".· ". 
.· .>'^1ГУ· 
d = 0.20 μΐη 
τ = 930 ns 
0 8 10 12 14 16 18 20 
Time (/¿s) 
figure 3.1: Time resolved photoluminescence data for аІпРг/ 
(Alo 5Gao 5)0 5ІП0.5Р/ double heterostructures. 
times in the active layers (intercepts of the fit line with the TpL — axis) can be 
determined. For the first set of DHs we calculated S = (85 ± 5) cm/s and a bulk-
lifetime of Tbuik = (7 ± 2) /ÍS, which is close to the radiative lifetime (TR ~ 8/is). 
For d-GaInP2 between (Alo.5Gao.5V5Ino.5P layers the bulk lifetime could be de-
termined more accurately: ть
и
ік = (2.6 ± 0.2 /JS), while S = (7 ± 1) cm/s. 
In figure 3.4 the dependence of the lifetime on temperature is plotted for the 
(Al0 5 Gao 5)о.5Іпо.5Р/СаІпР2 DH with an layer thickness of 0.57 μπι. Upon de­
creasing the temperature, first a slight increase of the lifetime is observed, reaching 
a maximum at Τ ~ 250 K, which indicates the presence of a thermally activated 
trap [18]. If the temperature is further decreased the behaviour of the lifetime 
agrees reasonably with the temperature dependence of the radiative recombina­
tion constant rj>L 0е В - 1 oc Τ 1 •? Below Τ ~ 90 Κ lifetime measurements are 
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Inverse Layer Thickness (yum ) 
Figure 3.2: Tp¿ versus d - 1 for the СаІпРг/АПпРг double heterostruc-
tures measured at room-temperature. The solid line represents the best 
fit to the data points using equation 3.1. 
hampered by carrier freeze-out, which makes further measurements not useful. If 
the recombination in the СаІпРз active layer is completely radiative, the effective 
lifetime equals rrat¡ and hence the quantum efficiency equals /7 = 1. Therefore the 
integrated PL-spectrum of the GaInP2 layer should be constant with temperature 
in the region where the decay is assumed to be radiative. The integrated photo-
luminescence signal as a function of temperature is shown on the right-hand side 
of figure 3.4. It is shown that below 170 К the recombination in the active layer 
is radiative, because the integrated luminescence signal is constant in this tem­
perature region. In the intermediate temperature region (170 К < Τ < 250 К) 
the non-radiative lifetime influences the quantum efficiency and the integrated 
luminescence signal decreases. 
Figure 3.5 shows a 4.2 К photoluminescence spectrum of one of the d-o GaInP2 
DHs. The peak at 1.923 eV involves emission from the o-GaInP2 layer. The PL 
from the barrier layer is seen at ~ 1.980 eV. Figure 3.6 shows the PL lifetimes 
for this series. No clear relationship can be determined between TPL and d: the 
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Figure 3.3: rf¿ versus d - 1 for the GaInP2/(Alo.5Gao 5)0.5ІП0 5P double 
heterostructures measured at room-temperature. The solid line repres­
ents the best fit to the data points using equation 3.1. 
data scatter considerably between 0.8 μβ and 1.55 /ÍS. In addition, the rpL varies 
slightly across the wafer for these structures. At best we can fit a straight line 
through the errors in the measurements and estimate the interface recombination 
velocity to be lower than 2 cm/s. 
For the СаІпРг/АІо 85Gao 15AS DHs for all active layer thicknesses the meas­
ured lifetimes were b<?low 2 ns, which is the resolution of our TCSPC system. For 
the Alo 5Gao 5As/GaInP2 DH we found a PL-lifetime of 90 ns. As an approxima­
tion we assume that the material quality of the active disordered GalnP^ layer 
is the same for all DHs (гъык ~ 5 //s). The values of the interface recombination 
velocities can then be calculated for the different interfaces with equation 3.1: it is 
clear that S is highly dependent on the aluminium fraction of the cladding layers. 
A PL lifetime of 90 ns indicates S ~ 180 cm/s for the GaInP2/Alo soGao.soAs 
interface. For the Alo ssGao isAs/GaInP2 structures only a minimum value of the 
interface recombination velocity can be given: S > 5 x 103 cm/s, a value normally 
found for AlxGa^. j^As/GaAs interfaces with χ > 0.80 [19]. An overview of the 
interface recombination velocities is given in table 3.2. 
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Figure 3.4: Lifetime (ns) against temperature for the аІпРг/ 
(Alo sGao 5)0 5ІП0.5Р double heterostructure with an active layer thick­
ness of d — 0.57 /im (dots). The best fit through the data points below 
Τ ~ 250 К gives τ oc Τ 1 7 4 which is close to the temperature depend­
ence of the radiative lifetime. On the right-hand side the integrated 
luminescence spectrum of the G a I n P 2 active layer is shown (triangles). 
The experiments on the (Al
x
Gai_
x
)o
 5 0 I n 0 5 0 P (x = 0.10 and 0.20) DHs demon­
strate a strong influence of the introduction of aluminium in the active layer (see 
table 3.1). An aluminium fraction of only 0.05 in the active layer leads to a 
sharp decrease in PL lifetime, from 1.3 /is to 23 ns. If more aluminium is added 
(x = 0.10), the lifetime further decreases to 8 ns. 
3.5 Discussion 
The interface recombination velocity, S, for the АИпРг/СаІпРг interface 
(S = 85 rra/s) is comparable with the best literature values for the Al
x
Ga(]_
x
)As/ 
GaAs interface (x ~ 0.30) [18,20]. This is indicative of a very low density 
of recombination centres. This value is surpassed by the S = 7 cm/s for the 
(Л10 5 Gao 5)0 5ІП0 jP/GalnPv interface, which is one order of magnitude smaller. 
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Figure 3.5: Photoluminescence spectrum of the огаегесі-СаІпРг/ 
disordered-GaInP2 double heterostructure at 4.2 K. The peak at 
1.923 eV shows the luminescence from the ordered active layer, whereas 
the one at 1.980 eV is luminescence from the disordered cap-layers. 
It is known that oxygen strongly binds with aluminium and introduces mid-gap 
states, i.e. effective recombination centres, at the interfaces thereby increasing 
S [21,22]. In the (Alo.sGao s u s i n o . s P / G a I n P 2 DHs the aluminium content is 
strongly reduced, so at the interface less Al-0 bonds are formed than for the 
СаІпРг/АПпРг case, which implies a lower recombination velocity. If we assume 
a type I heterostructure for the d-o СаІпРг interface with confinement of both 
electrons and holes in the active layer, the influence of aluminium in the barrier 
layers becomes even more pronounced. For these samples no aluminium is present 
in the barrier layers which leads to a still lower density of interface recombination 
centres, what explains the extremely low value of S < 2 cm/s. 
These low values have previously been reported for InP/GalnAsP and GaAs 
/GalnAsP interfaces that possess interface recombination velocities of S = 5 cm/s 
[23]. Furthermore, the very low interface recombination is comparable with that 
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Table 3.2: List of the various interfaces and their recombination velo­
cities at 300 K. For the double heterostructures of which only one active 
layer thickness has been grown a bulk-lifetime of ~ 5 μ« for d-GaInP2 is 
assumed. These layers are marked with an *. 
Interface Ree. Velocity S 
(cm/s) 
o - G a I n P 2 / d - G a I n P 2 < 2 
d-GaInP 2 /( Alo 5 G a 0 5)0 5ІП0.5Р 7 ± 1 
d-GaInP 2 /AlInP 2 85 ± 5 
d-CaInP 2 /Alo 5oGa0 5 0 As ~ 180* 
d-GaInP 2 /Al 0 8 5 G a 0 i 5As > 5000* 
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of the GaAs/GaInP2 interface as found by Olson S < 1 5 cm/s [4] However, by 
studying the dependence of the lifetime on temperature of one of these DHs, we 
obtained strong indications that the band-alignment between o- and d-GaInP 2 is 
type II 1 and that the band curvature in the d-toplayers, which is caused by the 
pinning of the Fermi-level at mid-gap at the surface, confines holes at the d side 
of the interface In this case holes are confined at the d side of the o-d interface 
because of the band curvature We found hole localization in these o-GaInP2 
layers even at room-temperature, which may account for the long lifetimes But 
also for type II band alignment the quality of the o-d interface must be very 
good, otherwise a continuous diffusion to this interface followed by recombination 
should occur which reduces the PL lifetime The staggered band line-up was also 
reported by Schneider et al [24], to explain their data on d-o-d quantum wells 
The interface recombination velocity, which is found for the Al
x
Ga(!_
x
)As/ 
GaInP2 (x = 0 50) interface, is in the same order of magnitude as that of the first 
series of DHs, which is consistent because both DHs have the same aluminium 
content in their barrier layers In the case of the Alo esGao isAs/GalnPo DHs S 
is much higher, which is explained by the higher density of recombination centres 
induced by a higher concentration of oxygen 
The influence of aluminium becomes even more clear from the decay meas­
urements on the DHs with aluminium in the active layers Here the PL-lifetime 
strongly decreases as a relatively small fraction of aluminium is incorporated in 
the active layers indicating a strong increase in recombination centres for these 
samples The introduction of aluminium in the GaInP2 interfaces appears to 
have a much lesser influence on the recombination velocity (see Table 3 2) The 
dramatic change in bulk-lifetime as compared with the smaller change in interface 
recombination may be due to the fact that at the interfaces the overlap of the 
wavefunctions of the charge carriers and the recombination centres is smaller than 
in the bulk This leads to a higher chance of recombination in the bulk 
For the first series slightly higher bulk-lifetime is found compared to that 
of the second series This somewhat higher bulk-lifetime can be attributed to 
more photon recycling in this case The refractive index for АПпРг as calculated 
from the data of Moser et al [25] is η = 3 17 at the GaInP2 band-gap energy, 
whereas for (Alo sGao 5)0 5ІП0 5P η = 3 32 Hence more photons are reflected at 
the СаІпРг/АПпРг interface leading to a higher photon recycling factor and a 
higher effective radiative lifetime in this case [12] 
From equations 3 1 and 3 2 the radiative lifetime is calculated to vary with tem­
perature as TR α Τ 1 5 (if band-non-parabolicity is included this changes slightly 
to TR oc Τ 1 5 4 for GaAs [26]) The measured temperature dependence is plotted 
in figure 3 4 and shows rpL is close to Τ 1 5 This is consistent with experimentally 
found temperature dependencies of radiative transitions in GaAs [4,18,26,27] and 
GaInP2 [4], where the radiative lifetime is reported to vary with temperature as 
1
 Electrons are confined in the active (ordered) layer, holes in the cladding (disordered) layers 
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TpL « Т ь with 1 3 < b < 1 9 This result further confirms that the lifetime in 
these samples is dominated by radiative transitions This is in agreement with 
the measurements in which the thickness of the active GaInP2 layer was varied 
Here a relatively high SRH lifetime and a low interface recombination velocity 
were found (see figure 3 3) The high SRH-hfetime indicates that the increase in 
lifetime from room temperature down to Τ = 250 К is most probably due a ther­
mally activated trap situated at the interface As the temperature is lowered the 
interface recombination velocity decreases in a exponentially activated process, 
which is connected to multiphonon relaxation [28] This behaviour has also been 
found for the Al
x
Ga(i_
x
jAs/GaAs interface [29] 
3.6 Conclusion 
We have investigated the behaviour of the bulk-lifetime and interface recombina 
lion velocity for G a l n P j double heterostructures with different barrier layers we 
report a bulk lifetime of 2 6 — 7/is, which is close to the radiative limit for dis 
ordered G a l n P j Temperature dependent measurements reveal that the decay in 
these samples lias a predominant radiative nature For ordered GaInP2 the bulk-
lifetime is slightly lower τ — (1 2 ± 0 35) ßs To the best of our knowledge these 
are the highest lifetimes reported for GaInP 2 structures at room-temperature It 
should be emphasized that these are room temperature lifetimes, the very long 
decay curves that are found in ordered GaInP2 structures at Τ = 4 2 К are gov 
( med by recombination between a photo excited hole and an electron that is 
strongly localised on a donor in an ordered superlattice domain [30-32] This 
spatially indirect rceombination leads to very long decay times However, in our 
case both the electrons and holes are confined by the barrier layers and direct 
transitions dominate the decay (k selection prevails) We have indications that a 
type II band alignment occurs between о and d-GaInP2 with an additional hole 
localization at the d side of the interface by band curvature However, in any case 
the o d G a l n P j interfaces arc of very good quality 
The interface recombination velocity definitely increases with increasing alu­
minium fraction χ in the barrier layer This is seen both at Al
x
Ga(i_
x
)As/GaInP2 
interfaces, were an increase of χ leads to a decrease in lifetime and for the 
о d G a I n P 2 , (Alo s Gao 5)0 5ІП0 s P / G a I n P 2 and AlInP2/GaInP 2 interfaces were a 
higher aluminium content in the barrier is accompanied by a higher recombination 
velocity (from S < 2 cm/s to S = (85 ± 5) cm/s) An even more pronounced 
b( haviour is observed when aluminium is introduced in the active layer for the 
bulk lifetime yielding a very sharp decrease in the decay time 
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ULTRA LOW INTERFACE 
RECOMBINATION VELOCITY IN 
ORDERED-DISORDERED GaInP2 
DOUBLE HETEROSTRUCTURES 
A van Geelen, R A J Thomeer, L J Giling, Appi Phys Lett 66 ,454(1995) 
Abstract 
The minority charge carrier lifetime of undoped GalnP? has been investigated m 
disordered-ordered-disordered GaInP2 double heterostructures It is found that 
minority charge carriers can be confined to the ordered GalnP2 if growth ¡s per-
formed on a(100) 6° off towards [111] substrate Minority charge carrier lifetimes 
of 1 2 ± 0 35 με are measured These high lifetimes are the result of the extremely 
low interface recombination velocity of the disordered-ordered GaInP2 interface 
4.1 Introduction 
Gao 51ІП0 49P (hereafter СаІпРг) is rapidly gaining importance as a wide bandgap 
semiconductor for opto-electronic and high speed devices [1 - 3] The material has 
a nominal bandgap of 1 92 eV and it is lattice matched to GaAs, which makes it an 
alternative to Alo asGao 62As In this respect GaInP2 has a number of advantages 
low sensitivity to moisture and oxygen present during growth, no occupied DX-
centres, high minority carrier lifetimes and low interface recombination velocity 
with GaAs [4] 
For minority carrier devices as solar cells, knowledge of the carrier lifetime 
in the bulk and interface recombination velocity is essential for the improvement 
of device performance There are few reports on the room temperature minor­
ity charge carrier lifetime of GaInP2 [5,6] In an earlier paper we investigated 
the bulk lifetime and the interface recombination of GalnPî between different 
(AlxGai_K)o 5ІП0 5P barrier layers (chapter 3) [7] In this letter we more specifi­
cally report on the use of disordered GalnPo as a barrier layer 
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11 ih well known from literature that the actual bandgap of GaInP2 can 
be smaller than the nominal bandgap (1.92 eV) due to CuPt-typc ordering on 
the group III sublattice The difference in bandgap between the disordered (d) 
GalnP? (1 92 eV) and ordered (o) GalnPa can be as large as 150 meV [8]. This 
significant energy difference makes it possible to confine carriers in an ordered 
GalnPo layer between two disordered аІпРг barriers [9] Since only one materi­
al with one composition is used for active layer and barrier layers, a high quality 
interface is expected 
4.2 Experimental 
Single layers of ОаІпРг and double heterostructures (DHs) were grown by low-
pressure metal-organic vapour phase epitaxy. Details on the crystal growth were 
published earlier [10]. In short, the source gasses were trimethylgallium, trimethyl-
aluiniiniim, trimethyhndium, arsine and phosphine. The TMI concentration was 
kept constant by ultrasonic concentration measurement and a feed-back loop. Hy­
drogen, purified by a palladium cell, was used as carrier gas with a total gas flow 
of 7 sim The V/1II ratio was 125 for GaAs and AIGaAs, 400 for GaInP2- The 
reactor pressure was kept at 20 mbar. Growth temperature was varied between 
600 and 760°C which resulted in a growth rate between 1.9 and 2.2 μπι per hour. 
Si-doped GaAs substrates with three different orientations were used: (100) 
2° off towards [110], (100) 6° off towards [ i l l ] and (100) 6° off towards [111]. DHs 
were grown on (100) 6° off towards [111]. The layer thickness of single GaInP2 
layers was 2.0 μτη. DHs consisted of 0.15 μτη disordered GaInP2 barriers and 
ordered GaInP;> active layers of which the thickness was varied between 0.2 and 
2 0 /ли Prior to growth of the DHs an Alo 2Gao sAs buffer layer was grown in 
order to minimize the concentration of oxygen and moisture in the reactor cell. 
All ерііауегь were lattice matched to GaAs within (Да/ао) = ± 5 x l 0 - 4 as de­
termined by X-ray double diffraction measurements. The undoped GalnP2 layers 
showed η-type residual background concentration (n — 6 x l 0 1 4 c m - 3 ) as measured 
by Hall- v.d. Pauw The bandgap energy was determined by photoluminescence 
spectroscopy (PL) at 4.2 К from the energy of the non-moving emission, which 
is associated with (non spatially separated) exciton or band-band recombina­
tion [11]. The temperature dependence of the non-moving emission is, within 
the errors of measurement, the same for ordered [11] and disordered GaInP2 [12] 
and agrees with the temperature dependence of PLE energies of different ordered 
samples [13] This implies that the temperature behaviour of this emission is in­
dependent of the degree of ordering and therefore energy differences measured at 
4 2 К remain valid at room temperature. Ordering of the layers was confirmed by 
transmission electron diffraction (TED) and high resolution ТЕМ measurements. 
Minority carrier lifetimes were measured with the Time Correlated Single 
Photon Counting technique (TC'SPC) using 6 ps excitation pulses (A = 600 nm) 
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at a variable repetition frequency from a dye-laser on Rhodamine 6G pumped by 
a mode-locked Ar + laser The T C S P C experiments were carried out at room-
temperature and at low-level excitation conditions ( n
e x c
 < N
m a j ) in order to 
avoid bimolecular recombination and to ensure that only the minority charge 
carrier lifetime was measured If diffusion of carriers is much faster than inter­
face recombination, both the bulk minority charge carrier lifetime (гв) and the 
interface recombination (S) can be determined from the measured lifetime ( T P L ) 
by variation of the thickness (d) of the active layer of a DH 
Tpl = r e 1 + 2 S / d (4 1) 
4.3 Results and discussion 
In figure 4 1 the 4 2 К PL energy of single GaInP2 layers is given as a function of 
substrate orientation and growth temperature The plotted energy is the meas­
ured PL energy corrected for small differences in composition of the layers as 
determined by X-ray diffraction From this figure it is clear that for all three sub­
strate orientations the strongest ordering is obtained at 640°C, whereas relatively 
disordered layers are obtained at low (600°C) and high temperatures (T > 740°C) 
The influence of substrate orientation is even more important than that of the 
growth temperature For all growth temperatures (100) 6° towards [111] gives 
the strongest ordering (lowest bandgap), whereas (100) 6° towards [111] gives the 
strongest disordering (highest bandgap) 
On a single substrate orientation the largest difference in bandgap is obtained 
on (100) 6° off towards [111] when the growth temperature is switched from 
640 °C to 760 °C In this case the PL energy difference between the ordered 
and the 'disordered' layer is 90 meV For the other investigated orientations a 
smaller degree of ordering takes place and the maximal PL energy difference 
is only circa 35 meV The last value is in the order of room temperature kT 
(26 meV) Therefore, it seems unlikely that confinement of carriers is possible 
Indeed for a DH grown on (100) 2° [110] the minority carrier lifetime was below 
the resolution limit of the T C S P C system (TPL < 2 ns) Since lifetimes in other 
GalnPî structures are in the microsecond range, such a low lifetime can only be 
explained by recombination of carriers at the bare front surface 
In figure 4 2 a 4 2 К photoluminescence spectrum is shown of a disordered 
ordered DH, grown on a (100) 6° [111] substrate The ordered active layer was 
grown at 640 °C and the disordered barriers at 740 °C Two separate peaks are 
observed, one of the ordered active layer at 1 92 eV and one at 1 98 eV of the 
disordered barriers The measured energy in this case is somewhat higher than 
indicated in figure 4 1 because the composition was slightly lattice mismatched 
(Да/ао = 4 x l 0 - 4 ) The difference in PL energy between ordered and disordered 
layers is 60 meV 
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Figure 4.1: 4.2 Kelvin PL energy of G a I n P 2 as a function of growth 
temperature for three substrate orientations. 
In figure 4.3 the [Oil] cross section TED patterns of single аІпРг layers are 
shown for three different substrate orientations grown at 640 °C. For the (100) 
2° [110] orientation additional diffraction spots are observed halfway between the 
(000) and the normal lattice spots of the (111) and (111) planes, which indicates a 
double lattice periodicity and ordering on these planes (fig. 4.3a). For the (100) 6° 
[1 11] only ordering on the (111) plane is observed (fig. 4.3b). On the other hand, 
if the substrate orientation is towards the [111] direction only ordering on the 
(111) plane is observed. This is a strong indication that the direction of ordering 
is determined by the direction of step movement on the substrate surface. On the 
(100) 6° [111] substrate only weak streaks in the T E D are observed (fig. 4.3c). In 
this ca.se movement of the surface steps is symmetric with respect to the ordering 
planes which inhibits formation of large ordered domains. Ordering on the (111) 
and (111) planes may have been expected, but is never observed. This may 
be caused by the difference between (Oil) and (Oil) steps or by the directional 
dependence of the arsenic dimers on the surface. 
Lifetimes for d-o-d DHs as a function of the thickness of the ordered active 
layer are given in table 4.1. All samples show room temperature lifetimes of 
r P i . = (1.2 ± 0.35) μδ, which is to our knowledge the highest value reported for 
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Figure 4.2: 4.2 Kelvin PL spectrum of ordered-disordered GaInP2 double 
heterostructure. Part of the spectrum (indicated with lOx) is recorded 
with a ten times higher sensitivity of the photomultiplier. 
Figure 4.3: Transmission electron diffraction patterns of [Oil] cross sec-
tions of GaInP2 grown at 640 °C. (a): (100) 2° off towards [110]; (b): 
(100) 6° off towards [111] and (c): (100) 6° off towards [111]. 
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Table 4 1 Minority charge carrier lifetimes in disordered-ordered-
dibordered ОаІпРг double heterostructures as a function of active layer 
thickness 
Active Layer Thickness (/im) PL Lifetime (ns) 
0 20 1450 
0 33 1230 
0 57 1550 
2 00 880 
this material 1 he relative high error in these data is caused by variations of rpL 
on a I wo inch wafer I hese variations are certainly not due to variations in lattice 
mismatch or strain because double X-ray diffraction indicates a difference of no 
more than (Да/do) ~~ 2 x 1 0 - 4 across the wafer Also the earlier studied DHs with 
(Al
x
Cidi_
x
)n 5ІП0 5P barriers did not exhibit this large variation We think that 
the variation in lifetime is caused by local variations in carrier confinement 
1 he liittrfaco recombination was estimated by the variation in lifetime as a 
function of the thickness of the active layer If a type I band structure is assumed 
and diffusion of carriers is fast (D/d 3> S), then the upper limit of the interface 
recombination velocity is S < 2 cm/s Very recently indications were found that 
the d o d structure has a type II band line up (electrons are confined in the 
ordered material holes in the disordered) [14] In this case the measured lifetimes 
of 1 ¿ ;/s can only be explained if photo generated holes are still substantially 
trapped insidi the ordered layer and diffusion towards the surface is slow A 
π ason for this may be the domain like structure of the ordered layer which may 
causf localization of holes accompanied by a low diffusion coefficient In any case 
microsecond room temperature lifetimes can only be attained with highly perfect 
interfaces and a small amount of interface recombination centres 
4.4 Conclusion 
In conclusion we have shown that it is possible by choice of the substrate orienta­
tion (100) 6° off towards [111] and variation of growth temperature to obtain a 
disordered ordered DH of ОаІпРг A PL energy difference between the ordered 
and disordered layer of 60 meV was measured In d-o-d СаІпРг DHs record room 
t( mp< rature lifetimes of 1 2 /ÍS were measured In case of a type I band structure 
and fast carrier diffusion the estimated upper limit of the interface recombination 
velocity at the disordered ordered interface was 2 cm/s 
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ANISOTROPIC TRANSPORT 
PROPERTIES OF THE 
TWO-DIMENSIONAL ELECTRON 
GAS IN ORDERED-DISORDERED 
GaInP 2 HOMOJUNCTIONS: THE 
STRUCTURE OF ORDERED 
DOMAINS 
F A J M Driessen, G J Bauhuis, Ρ R Hageman, A van Geelen, L J Giling, 
Phys Rev В 50, 17105 (1994) 
Abstract 
The modulation-doped ordered-GaInP2/dtsordered-GaInP2 homojunction is pre 
sented Ca.pa.cita.nce-volta.ge (CV) profiling techniques, temperature-dependent 
Hall and resistivity measurements, cross-sectional transverse electron micrographs 
(ТЕМ) and high-field magnetotransport have been used to characterize this new 
structure grown by metal organic vapour phase epitaxy The CV measurements 
showed a narrow profile at the homo-interface with an order of magnitude re­
duction m carrier density within 3 nm Typical two-dimensional behaviour was 
observed from Hall data showing sheet carrier densities as high as 3 6 χ IO13 cm~2 
without carrier freeze-out and constant mobilities around 900 em 2 V _ 1 s _ 1 below 
Τ =100 К The 300 К channel conductivity of this new junction is 3 2 χ J O - 3 Ω - 1 , 
which is higher than reported for other two-dimensional electron gases By proper 
choice of the substrate orientation, domains of only the (111) ordering variant 
were present ТЕМ showed elongated shapes of average thickness 3 5—6 nm 
and length 75 nm in the (Oil) plane By using Hall bars with different current 
directions, an asymmetry is observed for the contributions to the scattering mech 
anisms which determine the mobility 'mesoscopic' interface-roughness scattering 
for T< 100 К and cluster scattering for 100< T < 300 К Polar optical scattering 
at T > 300 К indicates strong electron-phonon coupling This asymmetry shows 
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that the domain length in the (Oil) plane is larger than that in the (01 Í) plane. 
The magnetoresistance pxx and the Hall resistance pXy show oscillations in recip-
rocal magnetic field involving an excited subband ι with n2D = 7.6 x 10llcm~2. 
The pxy versus В curve shows features of a slight parallel conduction. 
5.1 Introduction 
The alloy Сао52ІПо4вР (hereafter referred to as GaInP2) is of technological im­
portance because it is lattice matched to GaAs, has a high band gap (~ 1.9 eV 
at room temperature), and exhibits additional favourable properties, such as the 
absence of DX-centres [1]. Depending on the conditions of growth GaInP2 forms 
either a random alloy (disordered state) or shows monolayer superlattice ordering 
in t ho < 111 > directions (CuPt-type ordering). This ordered state has a reduced 
band gap owing to the level repulsion between different symmetry stales of the 
binary constituents. This reduction is predicted to be as high as 260 meV if 
the alloy is entirely ordered [2] However, in practice only partial ordering into 
plate-like domains occurs, and only two out of the four < 1 1 1 > ordering vari­
ants appear. This type of ordering was initially unexpected because total energy 
calculations indicated that bulk materials with ordering on the {100} and {210} 
planes are (hermodynamically more stable [3,4] Froycn and Zunger [5] showed 
that the ordering mechanism can be explained by surface thermodynamics: it also 
appears to involve surface reconstruction, the diffusion of atoms to the surface, 
and the attachment of adatoms at steps and kinks [6]. Anomalous properties, pre­
dominantly at low temperature, have been reported for ordered аІпРг, caused 
by spatial separation of carriers [7,8] combined with the presence of quasi two-
dimensional residual donors [9,10]. For electronic applications the two band-gap 
states оГСаІпРг offer challenging opportunities because band-gap engineering is 
possible only by changing the conditions of growth The number of non-radiative 
interface slates is expected to be lower than that of heterointerfaces because, first, 
there is no change m materials or composition at the interface and, secondly, the 
ordered and the disordered layers can be grown strain-free This should improve 
the electrical quality of the interface, as has indeed been observed recently [11] 
(chapter 3 and 4) 
In this paper the first modulation-doped ordered-GaInP2/disordered-GaInP2 
lioniojiinrtion is presented along with a detailed investigation of its structural and 
electrical properties Besides very good 2D properties, it will be shown that this 
system enables us to obtain new structural information on the ordered domains. 
The optical properties of this sample will be the subject of a forthcoming pub­
lication [12]. 
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5.2 Experimental 
The sample was grown by metal organic vapour phase epitaxy at a pres­
sure of 20 mbar with АвНз, РНз, trimethylgallium and solution-trimethylindium 
[13] as precursors. The structure was grown on a (100) 6° off towards [111], 
semi-insulating GaAs substrate, and consisted sequentially of a 0.3 /im undope-
d GaAs buffer layer, a 0.5 μτη long-range-ordered undoped СаІпРг layer (low 
band gap), and a disordered-GaInP2 layer (high band gap), in which a 5 nm 
undoped spacer layer was followed by a 100 nm uniformly η-doped layer with 
η = 4 χ 10 1 8 c m - 3 (see figure 5.1). The background concentration in the un­
doped layers was η = 6 χ IO 1 4 c m - 3 Switching between the ordered and the 
disordered state was achieved by simultaneously increasing the growth tempera­
ture from 640 to 720 °C and decreasing the V/III ratio from 400 to 125 during 
a growth interruption. We selected only the (111) ordering variant by using the 
aforementioned substrate [14,15]. Ohmic Ni/AuGe/Ni contacts were evaporated 
on the samples prior to etching of the Hall bars. We processed three Hall bars 
which were oriented in the [Oil], [010], and [011] directions. 
Cross-sectional ТЕМ and high-resolution ТЕМ were performed on an ordered 
epilayer grown on the aforementioned substrate at the Delft Centre for Electron 
Microscopy. CV measurements were performed in depletion mode at Τ = 300 К 
using a Polaron profiler. Hall and resistivity measurements were performed on the 
bar-shaped samples in a flow cryostat with temperature tuning between 10 and 
450 K; at higher temperatures intrinsic conduction through the GaAs substrate 
influenced the measurements. The magnetic field in these experiments was 0.6 T. 
The diagonal ( p
x x
) and off-diagonal (p
xy) components of the resistivity tensor were 
measured in a 20 Τ magnet of the High-Field Magnet Laboratory in Nijmegen. 
Figure 5.1: Layer structure (a) and energy band structure (b) of the 
ordered-disordered GaInP2 homojunction. 
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5.3 Results and discussion 
The morphology of the ordered microstructure is difficult to describe, both be­
cause of the simultaneous existence of important structural features of very differ­
ent sizes and because of the way these features interlock The low-magnification, 
dark field Ί EM image of an ordered epilayer grown on a (100) 6° towards [111] 
substrate grown at T = 640°C is shown in figure 5 2a Black regions correspond 
to ordered material, gray and white regions represent partially ordered and disor­
dered material respectively A plate-like morphology is observed for the ordered 
domains where the plates are inclined at an angle of 24° to the substrate 
I igure 5 2b shows a high resolution ТЕМ image Large plate-like domains 
of ( G a P ) ! ( I n P ) i are observed with fringes with a periodicity of 0 647 nm, which 
is virtually the double lattice constant of GaInP2 in the [111] direction These 
domains are separated either by anti phase boundaries ({111} indium planes of an 
ordered domain meet {111} gallium planes of another domain) or by disordered 
СаІпРг The anti-phase boundaries are observed through 180° phase shifts of 
the fringe pattern and the disordered domains are grey without contrast features 
From figure r) 2b and images of lower magnification, the average size of the ordered 
domains can be estimated to be between 3 5 and 6 nm for the plate-thickness and 
> 71) inn for the plate-length in the (Oil) plane No information of the size along 
the [Oil] direction can be obtained because only ordering reflections are observed 
at (Oil) and not at (Oil) cross-sections Therefore, orthorhombic shapes of the 
domains are assumed It will be shown in this paper that the average domain 
length in the (Oil) plane is significantly smaller than that in the (Oil) plane The 
situation is elucidated in figure 5 3a 
A schematic of the anisotropic sample and the charge distribution in it is given 
in figure 5 3b Tor inhomogeneous media like the (partially) o-GaInP2 state it is 
difficult to maintain the concept of a band structure However, the onset of signal 
recorded with photolummescence excitation spectroscopy [16] is fairly sharp for 
partially ordered samples and may be defined as a measure of the band gap 1 
To probe the presence of a 2DEG we used CV profiling Although the classical 
thtory for ('V measurements does not apply strictly to the 2D quantum mechan­
ical system the technique has proved valuable for these degenerate systems [17] 
In modulation-doped heterostructurcs with no detectable parallel conductance the 
depletion of the 2DEG during CV profiling begins already at zero bias voltage, as 
can be seen for our sample in figure 5 4 The profile shows a high carrier density 
at the d-GaInP.)/o-GaInP2 interface, which decreases by one order of magnitude 
within 3 nm from the interface The strong spatial localization of the 2DEG is 
unambiguously shown here 
1 he photon energy of PI signal may not be a a reliable measure of the band gap because il 
d< pends on impurities depletion fields, and band filling effects 
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Figure 5.2: ТЕМ images of ordered domains: a) Dark-field micrograph 
using ordering reflections, 1 cm = 66.5 nm; b) High-resolution ТЕМ 
image of the (Oil) plane, 1 cm = 7.2 nm. 
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Figure 5.3: Schematic drawing of ordered domains in the sample, a) 
Orientation of ordered domains; [100] is direction of growth. Average 
values for b and с are 3.5-6 nm and > 75 nm. b) Schematic of the 
sample and the charge distribution in it; at the left the Ordered state' 
is indicated. 
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Figure 5.Ί: Capacitance-voltage profile of 2DEG at 300 K; inset shows 
the sample structure. 
68 
ANISOTROPIC TRANSPORT PROPERTIES OF 
«·> 7 з.овіз 
E 
о 
s _ ^ 
— 
2 . 0 13 
• 
• 
-
• 
-
-
• 
[011] 
[ 0 1 0 ] 
A A 
A4MA*
 A 
• 
A 
A 
A 
4 
\ 
• 
4 
• • 
•oS'Bt-ffTTrf00 % 
[011] \ 4 
α 
• • ι 
10 100 1000 
Τ (К) 
Figure 5.5: Sheet carrier-density of 2DEG versus temperature. The cur­
rent direction was parallel to [Oil], [010] and [Oil] for the upper, middle 
and lower graph, respectively. 
Figure 5.5 shows the temperature dependence of the sheet carrier density n2D 
as measured with the Hall technique for the various current directions. No freeze-
out of carriers is observed below T = 100 K, which confirms the formation of a 
2DEG. The n 2 D was 2.4χ 1 0
1 3
c m
- 2
 for the samples with bars in the [010] and [011] 
directions and 3.6 χ IO 1 3 c m - 2 for that in the [Oil] direction. The latter higher 
value results from a lateral inhomogeneity across the wafer. With increasing 
temperature the carrier concentration first increases, as has been observed earlier 
in 2D systems [18], but then shows an unprecedented decrease. This decrease is 
not dramatic (an n2D of 2.Ox 10 1 3 cm~ 2 remains at room temperature) and is most 
probably caused by dereal ization [9,10] of a fraction of the carriers out of the 
2 T h e reason for this difference is that our initial [Oil] sample, with an Пго — 2.0 X IO 1 3 c m " 2 
at 300 K, broke during cooling. Hence, a new [Oil] bar had to be processed from a different part 
of the 2-inch wafer. The increase in П2о for the [Oil] direction therefore results from a lateral 
inhomogeneity across the wafer. 
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ordered domains, so that the conductive layer broadens slightly. It should be kept 
in mind that the 2DEG is still strongly confined at the interface at 300 К because 
the CV profile was taken at this temperature. To our knowledge, the above 
sheet carrier densities are the highest reported in any III—V heterostructure; this 
includes ¿-doped samples, which are especially known for their high n2D [19] We 
infer a combination of reasons for this: the absence of carrier trapping DX-centres 
in СаІпРг, the previously mentioned reduction in non-radiative interface states 
owing to the homo-epitaxy; and finally, the absence of aluminium in the sample, 
which reacts very quickly with residual traces of oxygen and moisture during 
growth, and thereby forms deep centres [20]. 
For 2DEGs confined within an alloy, such as Ino saGao 47AS/AI0 52ІП0 4sAs, 
alloy-disorder (AL) scattering is usually the primary scattering mechanism limit­
ing the mobility at low temperature 3 [21]. This μ\^ is virtually independent of 
temperature As is shown in the appendix at the end of this chapter, mobilities in 
the range of 2600 to 7000 c m 2 V - 1 s _ 1 would then be expected for the o-d GaInP2 
2DEG Figure 5 6 shows the Hall mobility /ІЦ as a function of temperature for 
the cases where the drain-to-source contacts of the Hall bars were directed in 
the [011], [010], and [011] directions. All curves show a constant mobility below 
Τ « 100 К, which is consistent with the temperature behaviour of AL scattering. 
However, all curves show a significantly lower mobility than the above estimate 
for μΑΐ, Occupation of more than two subbands will reduce this estimate only 
slightly Therefore, it is concluded that another scattering mechanism dominates 
here II will be shown afterwards that this is interface roughness (IFR) scattering. 
This IFR scattering is generally neglected in calculations for modulation-doped 
2D-systems in III V materials because of atomic flatness of the interfaces, but it 
cannot be neglected 111 the inhomogeneous ordered layer. 
Uelow Τ = 100 К, the μπ for the [011] direction is just one half of that of the 
[011] direction; for the [010] direction the value is intermediate. From Ref. [9] we 
know that electrons are confined in the ordered domains at these temperatures. 
Therefore, electrons move across the whole length с of an ordered plate-like do­
main for the [011] direction before they tunnel to a neighbouring domain, whereas 
for the [011] direction electrons traverse the distances between adjacent domains 
a Because the mobility is lower for the [011] direction, this suggests a larger 
number of tunnelling events as compared with the [011] direction. This means 
that either â < с and/or that the distances between the domains are larger for 
the [011] direction. In fact, this behaviour is an example of interface roughness 
(IFR) scattering in quantum wells [22] in the limit that the change in well width 
Л(г) equals the well width L
z
 ( = b in figure 5 3). The mobility μ\ρκ limited by 
3 An estimate for the mobility caused by remote ionized impurity scattering, which in-
cie.ises л< cording to n¿¿ yields at П21) = 3.5 X 10 1 3 c m - 2 and spacer thickness of 5 nnv 
CHI ~ (0 r) - 1.Ü) X 1Ü6 cm2 V _ 1 s _ 1 This is orders of magnitude larger than μ
Α
ι and can there-
foie he neglected. The contribution of other scattering mechanisms is even lower. 
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Figure 5.6: Mobility of carriers versus temperature. The current direc­
tion was parallel to [Olì], [010], and [Oil] for the upper, middle and lower 
graph, respectively. 
IFR scattering is then given by: 
¿ÍIFROC - ^ g ( n 2 D , T , A ) (5.1) 
Л is the lateral size of the Gaussian fluctuations of the interface: for our 
system Л is the mean distance between ordered domains with Л[011] φ Л[011]. 
The function g(n2D,T,Л) is given in reference [23] and is particularly sensitive 
towards variations of Л; its value is minimal if Л = 2/q ~ 7г/2кр, where kj.· is the 
Fermi wave vector. Therefore, / Í IFR depends strongly on variations of the Fermi 
vectors of the various subbands, and therefore on their occupancy. Optimization of 
these parameters therefore provides a tool for improvement of the low-temperature 
mobility. Our measured values of the mobility lie in the same range as those 
of A«IFR for quantum wells of similar thickness (4 nm). The limiting scattering 
mechanism can therefore be described as a mesoscopic variant of IFR scattering. 
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The measured temperature behaviour of mobility is also consistent with that 
of/iiFR· While g(T) is constant below 100 K, above this temperature it increases 
and therefore μιρ R does not limit the mobility any longer. At higher temperatures 
electrons start to become delocalized and scatter at ordered clusters. This cluster 
scattering can be calculated using the Harrison/Hauser/Marsh (HHM) formal­
ism [24]; it was indeed observed in ordered G a I n P 2 [10]. The typical U-shaped 
behaviour of the cluster Hall mobility/i^L for intermediate values of cluster radius 
r
c
 [25] is observed in the upper graph in figure 5.6 between T = 120 and 300 K. 
Similar behaviour is observed for the [010] direction, however, the maximum value 
of μι\ has shifted to higher temperature, which corresponds to an enhanced cross-
section for cluster scattering. The lower graph of figure 5.6 shows the largest 
effect of cluster scattering: it even dominates at 450 К and the minimum in the 
U-curve has smoothed out. This proves that the cross-section for cluster scattering 
is smaller for the [01Ϊ] current direction than for the [011] direction, which implies 
that a < c, as is shown in figure 5.ЗА. 
Finally, we turn to the temperature regime above 300 K. Figure 5.6 shows that 
at such temperatures the mobility is limited by an angular-independent scattering 
mechanism, because the [011] and [010] curves approach one another, as would 
the [011] curve at higher temperature. The temperature behaviour suggests polar 
optical phonon (PO) scattering for which μρο oc Τ - " with β > 2. There exist 
different approaches to calculate this scattering mechanism in two dimensions. 
Ilirakawa used a 2D-variant in their calculations [26]. Because of electron-phonon 
— 1 /4 
interaction, //po is then proportional to n 2 D . Such behaviour has been ob­
served in Si-MOS inversion layers but not in GaAs/AlGaAs and InGaAs/AlInAs 
2DEGs. Walukiewicz argued that a three-dimensional approach could be used 
for the III-V cases [21]. With the 3D variant we find μ
ΡΟ
 = 3000 c m 2 V _ 1 s - 1 at 
450 К [10]; for the 2D variant μ
ΡΟ
 - А Т -
2
п ^
/ 3
 with A ^ 5.5 χ 1 0 7 c m 3 V - 1 s - 1 
(as deduced from figure 5.4 in reference [26]). At 450 К the latter equation yields 
μρο —7 χ IO2 c i r r V " ' s - 1 , which shows reasonably good agreement with our data. 
This suggests that the 2D variant is valid for the СаІпРг 2DEG system, which 
implies the presence of strong electron-phonon coupling. 
Figure 5.7 shows Shubnikov-de Haas (SdH) data (lower trace). At low fields 
the minima in the magneto-oscillations decrease monotone. This periodicity in 
reciprocal field corresponds to asheet carrier concentration of 7.6x 1 0 n c m ? Above 
B = 4 Τ interference from a second periodicity occurs whereupon the minimain 
Sdii oscillations are seen to increase again. This rise may also be caused by a 
slight parallel conduction. The Hall resistance p
x y as a function of В is shown 
in (he upper (race of figure 5.7. Concomitant with the minima in />
xx
, p
x y shows 
deviations from linear behaviour: a weak quantum-Hall effect. The slope of the 
pxy versus R curve at low fields yields the previously mentioned total sheet carrier-
density of 3.6 χ I 0 1 3 c m - 2 The Hall resistance is sublinear in В which points to 
a slight parallel conduction [27,28]. The periodic behaviour of p
xx
 and p
x y with 
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Figure 5.7: Magnetoresistance p
x x
 and Hall resistance p
xy of 2DEG ver­
sus magnetic field at Τ : 
[01Ϊ]. 
:4.2 К; the current direction was parallel to 
its 'low' sheet carrier concentration is attributed to a populated higher subband. 
Oscillatory behaviour from the lowest subband Eo is not yet observed because the 
width of its Landau levels is larger than the splitting between these levels at the 
fields available. 
For high-speed operation of electronic devices, the 2D channel conductivity 
(<r
c
h = en2Dp) at room temperature must be maximal. In table 5.1 the а
с
ь for this 
G a I n P 2 2DEG (the [Olì] data) is compared with that of 2DEGs in GaAs/AlGaAs, 
InGaAs/AlInAs, and ¿¡-FETs both at temperatures of 4.2 and 300 K. Despite its 
lower value at 4.2 K, the а
с
ъ of o-d GaInP2 surpasses those of the others at 
300 K. This remarkably high value is caused by the temperature dependence of 
the mobility and makes the o-d GaInP2 2DEG suitable for application in electronic 
devices. A further increase in a
c
f, can be expected if spacer thicknesses of ~ 30 nm 
are used [21], and if the ordered domains are enlarged, as can be expected at lower 
growth rates [29]. 
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Tabic 5,1: Channel conductivities at Τ — 4 К and 300 К for various two-
dimensional electron gases. 
o - d G a I n P 2 5.0 χ I O "
3
 3.2 χ I O " 3 
GaAs/AIGaAs a 1.1 χ I O " 1 1.1 χ 10~ 3 
InGaAs/AlInAs* 9.4 χ I O " 3 9.4 χ 10~4 
δ FET C 1.3 χ I O " 3 9.6 χ I O " 4 
" F r o m reference [21] 
Krom reference [30] 
c F r o m reference [19] 
5.4 Conclusion 
Wo have prepared and characterized the first two-dimensional electron gas in 
modulation-doped o-GaInP2/d-GaInP2 homojunctions. High-resolution ТЕМ mi­
crographs show a high degree of ordering. Temperature-dependent Hall and 
resistivity measurements revealed 2D behaviour with an extremely high sheet 
carrier concentration of n^o = 3.6 χ IO 1 3 c m - 2 and constant mobility around 
900 c m " V _ 1 s _ 1 below T = 100 K. A sharp CV profile at the o-d interface con­
firmed the dense 2DEG. The system exhibits the highest channel conductivity at 
Τ = 300 К reported so far and is therefore suited for the fabrication of high-speed 
electronic devices. The effect of various scattering mechanisms on the mobility 
was investigated. The dominant scattering mechanisms are mesoscopic inter­
face roughness scattering for T < 100 K, cluster scattering for 1 0 0 < T < 3 0 0 K, 
and polar optical phonon scattering for T > 3 0 0 K, with an indication for strong 
electron-phonon coupling. Transport phenomena were used to probe the structure 
of the ordered domains, yielding information on the previously unknown domain 
length in the (011) plane. Finally, periodic oscillations in reciprocal magnetic field 
were observed for p
xx
 and p
xy. They originate from an excited subband i with 
η!,,, = 7.6 χ 1 0 ' ' c m " 2 
Appendix 
As a result of the high ibD in the СаІпРг junction, at least two subbands are 
occupied. Therefore, apart from intrasubband scattering, these subbands must 
be treated in general as coupled through intersubband scattering. The major 
74 
ANISOTROPIC TRANSPORT PROPERTIES OF 
effect of an unoccupied subband is that it provides final states available for the 
scattering of electrons For two occupied subbands no such scattering is possible 
which leads to a reduction of the electron mobility If two occupied subbands aie 
assumed the following relationship holds for the relaxation time тді 
1 m'x( l-x)n<V> 2 * * 
— - ρ <1Ль+ L· JAL) (5 2) 
1=0 ι j = 0 j > l 
m" is the effective mass in units of the free electron mass, χ is the fraction 
of the alloy, Ω the volume of the unit cell, V the alloy-disorder scattering para­
meter, and I ' A L and I A
J
L are integrals reflecting intra- and intersubband scattering 
respectively [21] 
The sum of the integrals is proportional to (n'2 D)° Э 6 = (n2D + ridepi)0 З Й w l ' n 
ndepi ( c m - 2 ) the background concentration of charge in the depleted region To 
estimate the //AL of the GalnP2 2DEG we compare it with a system in which the 
2DEG is also confined in the alloy the Ino 5зОао 47AS/AI0 52ІП0 4sAs modulation-
doped heterojunction with two occupied subbands [21] From equation 5 1 and 
the insensitivity of TAL on energy it follows that 
/ U L - 2 _ / m * N 2 Ω 1 / < ν > 1 Ν 2 ,
п
' і л 0 36 ir
 n 
MAL-i m 2 S22 < V > 2 n 2 
The subscripts 1 and 2 refer to InGaAs and GalnP, respectively Inserting 
the parameters summarized in table 5 2 for GaInP2 yields / ¿ A L - 2 * 2600 — 7000 
c r r ^ V - ' s - 1 for V2 e (0 6,1) 
Table 5 2 Summary of the parameters used to calculate ^ A L f° r GaInP2 
InGaAs/AlInAs o-d GalnP 
m* (units of m) 0 05 0 105 
Ω ( n m 3 ) (0 587) 3 (0 565) 3 
V 0 6 ~ 0 6 - l ° 
n 2 D ( c m - 2 ) 6 5 x 1 0 й 3 5 x l 0 1 3 
/ / A L Í c m ^ - ' s " 1 ) 1 2 x 1 0 s 
"This alloy-disorder scattering parameter V is of order 1 but 
is not known precisely, we assume it to lie between 0 6 and 1 
the values for InGaAs/AlInAs and GaAs/AlGaAs [21] 
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Part II 
SOLAR CELLS 

Chapter 6 
IMPROVEMENT OF GaAs SOLAR 
CELL EFFICIENCY 
Abstract 
An overview is presented of the efficiency development of single junction GaAs 
solar cells made at the KUN Solar cell theory for monocrystallme cells is described 
and applied to GaAs cells A theoretical efficiency limit of 27 3% is deduced for 
GaAs cells In current GaAs solar cells this limit is lowered to 25 7% due to 
radiative recombination loss It is shown that in two years time the average KUN 
GaAs cell efficiency was improved from 15% (best value 20 5%) to 23% (best 
value 23 9%) This achievement is obtained through improvement of material 
quality (minority carrier lifetimes) and through better design of cell structure 
It is demonstrated that the choice of materials for the back surface field and 
window layer is critical m order to obtain high efficiencies Finally it is argued 
that further improvement of cell efficiency to 25% is possible by optimization of 
the top contact 
6.1 Introduction 
GaAs solar cells made by MOVPE supply an important part of the energy for 
current communication satellites This is due to the high efficiency of these cells, 
together with a good radiation resistance For space solar cells the weight of the 
solar cell module is a crucial parameter Overall cost of satellites is determined 
by the total weight that has to be brought up into space High solar cell efficiency 
leads to small solar cell panels and low weight Because of the good radiation 
resistance, energy output of the cells remains high during the lifetime of the 
satellite, even after substantial irradiation Therefore III—V solar cells (GaAs and 
InP based) are better suited for space applications than for example crystalline 
silicon (c-Si) solar cells 
To overcome the fundamental efficiency limit for a single bandgap solar cell 
(circa 29% [1]), GaAs cells are stacked with other bandgap III—V cells in a tandem 
solar cell These III—V tandem cells have obtained the highest solar cell efficien-
cies of all cell types, e g GaAs-AlGaAs 27 6%' [2], GaAs-GalnP 29 5%' [3] and 
1
 AMI 5 spectrum (1000 Wm~ 2 ) , 1 sun 
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Table 6 1 Performances of best single junction GaAs solar cells (status 
October 1994) [4] and best KUN GaAs cell till March 1993 Indicated are 
the cell type, cell efficiency (η), cell area (A), open circuit voltage (V
o c
), 
short circuit current density ( J
s c
) , fill factor (FF), date of verification 
(date) and production laboratory (lab ) 
Cell type η A V
o c
 Jsc F F date lab 
(%) (cm 2 ) (V) (mA/cm 2 ) 
GaAs on GaAs a 
GaAs on GaAs 6 
GaAs on Ge 
GaAs thin film 
GaAs submodulc 
GaAs KUN 1993 
25 1 
23 8 
24 3 
23 3 
21 0 
20 5 
3 91 
4 00 
4 00 
4 00 
16 00 
0 93 
1 022 
1 050 
1 035 
1 011 
1 010 
1 008 
28 2 
27 2 
27 6 
27 6 
26 4 
24 5 
0 871 
0 836 
0 853 
0 838 
0 800 
0 831 
3/1990 
2/1994 
3/1989 
4/1990 
4/1990 
3/1993 
Kopin 
ASE 
ASEC 
Kopin 
Kopin 
KUN 
"Worldrccord and rc< ord for single junction cell 
bFinopean record at that lime 
GaAs GaSb 32 6%2 [4] In the future, higher efficiencies even up to 40%, may 
be expected from three junction tandem cells, which consist of a combination of 
InP based materials (InΡ InGaAs InGaAsP) and GaAs based materials (GaAs, 
AlGaAs, GaAsP, AlGalnP, InGaAsP) The enormous range of (direct) bandgaps 
from 0 2 eV for IiiAsSb to 2 2 eV for AlGalnP is unique for the family of III V 
materials and makes it possible to design a tandem cell that converts the major 
part of the energy of the solar spectrum into electricity [1] 
Because of the extremely high cost of III V based cells, they are not yet 
used for terrestrial applications However, III—V cells are still in a research stage 
and some important breakthroughs can be expected First, the efficiency of III V 
production cells will be increased from circa 22% for a single GaAs cell, to 30-40% 
for tandem cells Secondly, a major cost reduction may be obtained by growth 
on large sue (mono- or poly crystalline) germanium substrates, or alternatively 
by reuse of the GaAs substrate Thirdly, further development of the MOVPE 
reactor will lead to larger reactors and more efficient use of MOVPE materials 
Finally, an increase in production scale will lead to lower cost of these cells 
If the cost of III V cells will be brought down by these developments, III V 
cells may be applied significantly for the power production of energy demanding, 
2 A M l 5D sped rum, 100 suns 
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small area applications, like mobile phones, air conditioning in cars and battery 
replacement Eventually, they may also contribute to a large scale (terrestrial) 
electricity generation 
The performance of worldwide best single GaAs solar cells, verified according 
to the international standards [5], is given in table 6 1 The (verified) solar cell 
performance for the best cell made at KUN till March 1993 is also shown From the 
data of table 6 1 it is clear that there was a discrepancy between the performance 
of the world best GaAs cells and the best GaAs cell made at KUN All solar cell 
parameters, open circuit voltage (V
o c
)i short circuit current ( I
s c
) and fill factor 
(FF), were non optimal In this chapter the research is described which led to 
enhancement of the KUN GaAs solar cell efficiency 
Before we start with the experimental part of this chapter, an introduction 
is given to the current solar cell theory for crystalline cells The theory will 
be used to explain the experimental results obtained In addition, it offers the 
possibility to convey current results to other direct bandgap solar cell materials 
The experimental part starts with a description of the basic cell structure and 
the production process This is followed by the improvements obtained through 
improvement of the material quality and through changes in cell structure and 
materials Finally an overview of the cell efficiency in time is given 
6.2 Solar cell theory 
6.2.1 Current—voltage characteristics 
The essential structure of a solar cell consists of a simple p-η diode The current-
voltage behaviour of this diode can be described by the Shockley equation [6] with 
subtraction of the light induced current ( J L ) 
J = J s ( e x p j ^ J - l ) - J L , (6 1) 
J (mA/cm 2 ) is the current density through the device, J s (mA/cm 2 ) is the satura­
tion current density, kT/q is the thermal voltage (25 7 mV for 298 Κ), η indicates 
the ideality factor of the diode, V (V) is the voltage over the junction and Ji, 
(mA/cm 2 ) is the light induced current density 
Saturation and light induced current are the essential parameters of the solar 
cell, they will be explained in some detail further on For η = 1 equation 6 1 
describes an ideal diode with only drift and diffusion currents However, in a 
practical device recombination in the depletion area has to be taken into account 
and η vanes between 1 and 2 Sometimes η may even be as large as 3, if many 
defects penetrate the junction and extensive short circuiting of the p-η diode 
is caused Equation 6 1 may be modified to include a series resistance Rs (Ω), 
caused for example by the top contact, and a shunt resistance R S H (Ω), caused 
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for example by recombination at the cell edges [7] 
/ f q ( V - J R s ) ) Λ , V - J R s , , 9 , 
The power (P) which is produced by the cell is defined by Ρ = J VA, with 
A the area of the cell The maximum power which may be extracted from the 
cell is P
m
 = V
m
 J
m
, with V
m
 and J
m
 the voltage and current respectively at the 
maximum power point V
m
 is found by differentiating the power to the voltage 
and equating to zero If resistance effects are neglected (equation 6 1) the following 
relation is obtained 
The current density at maximum power and the maximum power can be found 
by substituting V
m
 (from equation 6 3) in equation 6 1 From equation 6 3 it is 
clear that a low saturation current density (Js) and a high light induced current 
density ( J L ) lead to a high V
m
 and high maximum power 
In figure 6 1 a typical example of an illuminated I V curve is plotted with some 
characteristic parameters V
o c
 the voltage at open circuit point (no current), I
s c 
the short circuit current (no voltage drop) and the fill factor which is defined 
as F I — (V
m
Im)/(V 0cUc) The fill factor is an indication for the squareness 
of the curve The efficiency of the device is the maximum power output ( P
m
) 
divided by the power input The maximum power output for a measured device 
is P
m
 = V
o c
 I5C FF The input power is defined by a standard AMI 5 spectrum 
1 kW/m 2 (100 mW/cm 2 ) We will now look into the parameters which influence 
the saturation current and light induced current 
6.2.2 Calculation of saturation current 
Tor an ideal diode with no recombination currents (n = 1) the saturation current 
density Js is given by [G] 3 
\ ^ N A V те N D V η , J 
n, ( c m - 3 ) is the intrinsic carrier concentration of the material which depends on 
the effective density of states in valence and conduction band, on the bandgap 
and on temperature ΝΛ ( c m - 3 ) is the acceptor impurity concentration in the 
ρ type layer, No ( c m - 3 ) is the donor impurity concentration in the n-type layer, 
Df. ( r n r / s ) is the diffusion coefficient of electrons in the p-type layer (minority 
This equation is derived for an infinite cell thickness [11] 
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S - 1 0 
< 
6 - 1 5 
tí - 2 0 
U 
tí - 2 5 
-30 -
-35 
Efficiency 20.5% 
Voo 1.008 V 2 
JgC 24.5 m A / c m 
FF 0.831 
A 0.93 cm 
-
0.0 0.2 0 .4 0.6 0.8 
Voltage (V) 
1.0 
Figure 6.1: Measured I-V curve of best KUN GaAs cell till March 1993 
(AM 1.5, 1 sun). Indicated are open circuit voltage (Vo c) , short cir-
cuit current (Isc)i fill factor (FF), the voltage and current at maximum 
power point (Vm and I m ) . The hatched area is the maximum power area 
r m — V m l m — VOCASC^A 1 -
carriers), Dj, (cm2 /s) is the diffusion coefficient of holes in the η-type layer, r
e
 (s) is 
the minority carrier lifetime of electrons in the p-type layer, η, (s) is the minority 
carrier lifetime of holes in the n-type layer. The diffusion coefficients D
e
 and 
Dh are coupled to the drift mobility of the respective carriers μ
ε
 and μ^ , by the 
Einstein relation [6]: 
kT 
De,h = He,h-
q 
The diffusion length (L) of electrons and holes is defined as: 
(6.5) 
Le,h = V'De.hT'e.h· (6.6) 
In table 6.2 typical values of material parameters at R.T. are given which 
are needed for calculation of the saturation current density of a GaAs diode. 
Since measurements of the minority carrier drift mobilities were not available, 
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Table 6 2 Material parameters (T = 300 K) and typical values which 
determine the saturation current of GaAs solar cell diodes 
parameter valt 
η? 
NA 
N D 
Me 
ЦЬ 
Tc 
Ά, 
De 
D h 
К 
Lh 
3 2 χ IO 1 2 
2 Οχ IO 1 8 
2 0 x IO 1 7 
2500 
250 
10 
100 
64 
6 
8 
8 
( c m " 6 ) 
( c m " 3 ) 
( c m " 3 ) 
( с ш ^ - ) 
(сп^ - 1 ) 
(ns) 
(ns) 
( c m 2 s - 1 ) 
( e m V ) 
(/¿m) 
(μ™) 
(he (majority carrier) Hall mobilities arc used4 With the data of table 6 2 and 
equal ion 6 4 a typical saturation current density of 4 χ 1 0 " 1 ' mA/сш 2 is calculated 
for an ideal diode (n = 1) For a non ideal diode with a recombination current 
in the depletion region (n = 2), the saturation current density Js is given by [7] 
τ q n ' W
 (R 7^ 
Js = , (6 7) 
W (cm) is the depletion width of the p-η junction and is adequately approximated 
w = ,/^%^l4^>. (6») q2 V N A N A ^ D •{ψ}· 
£s is the permittivity of GaAs (11 6 χ 10 1 3 F/cm [6]) The values given in 
table 6 2 result in a depletion width of 104 nm which gives a saturation current 
density of 9 χ Ю - 8 mA/cm 2 (η = 2) 
4
 This approximation is not correct because of the difference between Hall mobilities and drift 
mobili!íes (correction with Hall factor), and because of the difference in majority carrier mo-
bilities and minoriH tarner mobilities (see for example [8]) Although the correction between 
majonty carrier Hall mobility and minority carrier drift mobility is not negligible (up to 40 %), 
il doeb not influence the calculated saturation current very much 
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6 
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a 
О 2 
< 
Q - 2 
ι—I 
- 4 
- 6 
• 
-
-
-
- . 
R S H 
1 ' ' 
/f 
(n = 2) 
1 
1 
| 
!/ 
4 
(n=l) 
n=2 | 
1 
/ 
R S 
-
-
-
-
0.0 0.5 1.0 1.5 
V (V) 
Figure 6.2: Typical non illuminated I-V curve for GaAs p-η diode. At 
low voltages the I-V characteristic is determined by a shunt resistance 
of 10 kfì. At higher voltages a non ideal η = 2 recombination current 
determines the behaviour. At still higher voltages the I-V curve levels off 
due to the presence of a series resistance of 1.5 Ω. The ideal saturation 
current (n = 1) is not observed in the I-V curve due to the presence of 
the series resistance. Both recombination current (n = 2) and saturation 
current (n = 1) are indicated as dotted lines to visualize the influence 
of the resistances. 
In practice, the observed ideality factor of GaAs p-η diodes changes with 
voltage from η = 2 at lower voltages to η — 1 at higher voltages. In addition to 
this, the result of a shunt resistance may be seen at low voltages and the result 
of a series resistance may be seen at higher voltages. In figure 6.2 a typical plot 
is given for a non illuminated GaAs p-η diode which depicts these features. 
6.2.3 Calculation of light induced current 
The light induced current of a solar cell ( I I ) is determined by the total number of 
photons which fall on the cell, the reflection at the front surface and the fraction 
of photons which is absorbed. After absorption each photon (with hi/ > E G ) 
87 
C¡¡арter 6 
generates one electron-hole pair which is separated by the built-in voltage of the 
p-η diode Next, the carriers diffuse to the contact due to the diffusion gradient. In 
the depletion ared and in the diffusion regimes carriers may recombine (radiatively 
or non-radiatively ) which means that they are lost for the light induced current 
For the time being we will neglect the influence of reflection and of shading by the 
top contact and will assume that all photons which fall on the cell will pass the 
front surface Furthermore recombination in the depletion area is disregarded 
'Ilio intensity of the incident photon flux varies with wavelength, therefore the 
light induced current is described as the integral over the number of collected 
carriers as a function of wavelength (A) 
IL = q / NT(A)dA (6 9) 
'1 he total number of collected carriers (Νχ) can bo divided in a contribution 
by diffusion from the p-layer ( N p ) , a contribution by drift from the depletion area 
(\\\ ) find a contribution by diffusion from the η-layer (N
n
) 
Ν ι = N„ + Nw + N p . (6 10) 
1 ho situation is illustrated in figure б 3 The different contributions of equa­
tion () IO aro described by a model of Hovel [9] which includes the surface or 
interface r< combinat ion at the front ( S F ) and at the back (Su) of the (ell Re­
combination in the diffusion regimes is modelled through a finite diffusion length 
If the colivi ntions of ligure (i 3 are used the following formulas are derived (p-layer 
i^  с mit ter and η-layer is liase) 
Ф(А)о(А)Ь, 
•
Ν
ι
 =
 Ί Г7Т7Гте.\|){-о(А)\
р
}(гк(А)Ц-
1 — o -(A iL-
(r»(A)U + ^ ) exp {r*(A)xp} - [ M n h { % } + ^ c o s h { % } 
(611] 
N
w
 = Φ(λ) [exp {-o(A)(d - d p ) } - exp {-<*(A)(d + dn)}] (6 12) 
Φ(λ)«(λ)Ι„, 
xp{-«(A)(d + d „ ) } ( Q ( A ) L h -
- % l * ) e x p { - a ( A ) x
n
} \ 
(6 13) 
«2(A) 1,2 - 1 
s , n h
 { u } + ^ r o s h { u } + ( a ( A ) L " - ^ ) e x p { - a ( A ) x
n
} 
i g b . s . n h t e J + c o e h f f c } 
Ф(А) is the incident photon flux per wavelength band on the cell and is de­
termined by the standard spectra In this chapter, an AMI 5 (1 sun) spectrum 
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ϋ 
s
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« • 
d 
4 • 
D 
Figure 6.3: Cross section of p-η junction with the depletion area cross 
hatched. Indicated are the diffusion width in p- and η-layer (x p and x n ) , 
the depletion width of p- and η-layer (d p and d n ) , the total depletion 
width (W), the thickness of the emitter (d) and the cell thickness (D). 
is used [10,11]. The absorption coefficient of GaAs and Al
x
Ga(i_
x
)As (α(λ)) can 
be deduced from the data of Aspnes [12, 13] or alternatively from the formulas 
of Marti [8]. For the material parameters, the values listed in table 6.2 are used. 
The depletion width W can be found with equation 6.8, d p and d n are found from 
W = dp + d
n
 and N D d p = N A d n . 
A plot of the number of collected carriers (N) versus wavelength (λ) is called 
the spectral response of a solar cell. However, it gives more insight in the quality 
of the cell to divide the spectral response (S.R.) by the incoming photon flux and 
to plot the collection chance or quantum efficiency per wavelength. The quantum 
efficiency (Q.E.) indicates the chance that an incoming photon causes an electron 
to be collected at the contact. The internal quantum efficiency does not take into 
account losses due to reflection at the front surface and shadowing by the front 
contact. The external quantum efficiency includes these losses. 
In figure 6.4 the (internal) quantum efficiency curve of a typical GaAs solar 
cell is given. On the low energy side (around 875 nm) the curve rapidly drops 
down to zero. This is caused by the low probability of absorption of photons 
with energy below the bandgap. At medium wavelengths (475-850 nm) the curve 
reaches a plateau with a quantum efficiency of nearly 1. This is due to the 
very high, but still limited, diffusion lengths in the p- and η-type layers. The 
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Figure 6.4: Typical example of internal quantum efficiency of GaAs solar 
cell with 30 nin Alo 8sGa0 ísAs window layer. Indicated are the contri-
butions by diffusion from the p-layer (P), diffusion from the η-layer (N), 
by drift from the depletion area (W) and the total quantum efficiency 
( P + W + N ) . The light induced current for this cell is I
s c
 = 31.0mA/cm 2 
(AM 1.5x1) without reflection and shadowing losses. 
quantum efficiency in this region is hardly influenced by the chosen (realistic) 
front and back surface recombinations. On the high energy side the quantum 
efficiency curve drops quickly. In absence of the Alo ssGao.isAs window layer 
the front surface recombination is 1x10'cm/s. This would lower the complete 
quantum efficiency curve by the non radiative recombination at the bare front 
surface of the p-layer. The presence of the Alo.85Gao.15As window layer reduces 
the front, surface recombination to circa l x l 0 4 c m / s . However, the window layer is 
an effective absorber for photons with energy above the direct Γ transition (2.7 cV, 
465 nm). Therefore the high energy photons are absorbed in the window layer 
and recombine (non radiatively) at the bare front, surface of the window layer. 
This decreases the quantum efficiency for short wavelengths. We will discuss 
the function of the window layer in some more detail later. The light induced 
current which can be calculated from the quantum efficiency curve of figure 6.4 is 
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31 0 mA/cm 2 (AMI 5) I h i s is about the maximum light current which may be 
obtained for a GaAs cell and losses due to reflection at the front surface and due 
to shadowing by the front contact should be subtracted from this value For an 
optimized coating, the front surface reflection is nearly constant over the entire 
wavelength interval (450-900 nm) and can be as low as 2 5% The shadowing loss 
due to the front contact is typically 3 5% If these losses are taken into account, 
the maximum light induced current is 29 1 mA/cm 2 
6.2.4 Theoretical GaAs solar cell performance 
With the equations of section 6 2 1, the saturation currents calculated in sec 
tion 6 2 2 and the light induced current of section 6 2 3, the GaAs solar cell 
current voltage characteristic is completely defined An overview of typical pa­
rameters of the simulated GaAs solar cell is given in table 6 3 In principle all 
loss mechanisms of real solar cells are included reflection, shadowing by the front 
contact, non ideal behaviour of the diode, front and back surface recombination 
series and shunt resistances 
The best solar cell is the one with ideal diode behaviour The efficiency for 
this cell is 27 3% (AMI 5) In a real solar cell, losses due to resistances will take 
Table 6 3 Typical device parameters for a simulated GaAs solar cell A 
front surface loss due to reflection of 2 5% and a shadowing loss of 3 5% is 
assumed C o l u m n ' n = Γ indicates a cell with an ideal diode behaviour, 
η = 1 and Js = 4 x 1 0 " 1 7 mA/cm 2 The column with 'n = 1, R S H , R-S' 
gives the values for the same diode with a shunt resistance of 10 kO 
and a series resistance of 1 5 Ω The last column marked 'n = 2' is a 
simulation for a non ideal diode with η = 2 and Js = 9 x l 0 - 8 mA/cm 2 
(no resistances) 
parameter 
' O C 
Isc 
FF 
V 
v
m 
In, 
(V) 
(mA/cm2) 
(%) 
(V) 
(mA/cm2) 
η = 1 
1 056 
29 10 
0 888 
27 3 
0 963 
28 35 
η = 1, RSH, 
1 055 
29 10 
0 850 
26 1 
0 923 
28 28 
Rs η = 2 
1 000 
29 10 
0811 
23 6 
0 859 
27 46 
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place and therefore the second column of table 6.3 represents more realistic values. 
The efficiency of a cell with ideal diode behaviour and resistances is 26 1%. If 
the cell diode is dominated by a recombination current (n = 2) the open circuit 
voltage and fill factor decrease rapidly In addition, the calculated short circuit 
current mentioned in table 6 3 will be lowered due to additional recombination in 
the depletion area For the calculation of the short circuit current it was assumed 
that all carriers generated in the depletion area are collected. If the theoretical 
limit (e g table (5 3, column 1) is compared with the best real life cells (table 6 1), 
it can be concluded that the efficiency limit is not yet reached. All solar cell 
parameters, especially the open circuit voltage and the short circuit current, can 
be improved 
6.2.5 Theory of window layer and back surface field 
The surface recombination of a bare, unpassivated GaAs surface is very high circa 
1x10' сгп/ь If the front surface of a GaAs p-η diode is bare, the carrier collection 
from the upper layer of the solar cell (p-emilter) is dramatically reduced by this 
high surface recombination ( S F ) In order to reduce S F a so-called window layer 
is applied to the top of the solar cell (see figure 6.5) 
The window layer is made of a material with (much) higher bandgap than 
GaAs Due to the high doping of this layer an offset in the conduction band is 
formed and an energy barrier for the minority carriers in the p-emittcr is created 
If this energy barrier is high enough, nearly all minority carriers are confined to 
the emitter and are exposed only to the interface recombination of the GaAs-
window layer interface The recombination velocity of this interface is typically 
between 103 and \0A cm/s for the (low) 1 0 1 8 c m - 3 doping range 
The size of the barrier in the conduction band (ДЕ
С
) between GaAs emitter 
and window layer is determined by the difference in electron affinity (χ) and 
the difference in position of the Fermi levels with respect to the conduction bands 
(E
c
 — Ef ) for the two materials The electron affinity is determined by the material 
and the position of the Fermi level is determined by the ionization energy of the 
donor in the material and the doping level For the window-emitter design care 
has to be taken that the valence band barrier is in the right direction (as shown 
in figure 6 5), otherwise an energy block for the majority carriers is formed which 
hampers the current collection from the emitter and causes an additional series 
resistance Therefore, the doping of the window layer has to be higher than that 
of the GaAs emitter to align the valence bands 
There is one additional criterium for the choice of a window material: it 
has to be transparent, transmit as much of the incident photons as possible. 
Photons which arc absorbed in the window layer will recombine very fast at 
the bare front surface of the window and the energy contribution is lost for the 
current In practice, the layer is made very thin (20-50 nm) and a lattice-matched 
material with a very high bandgap is chosen The usual window material for GaAs 
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Figure 6.5: Band structure p-Alo ssGao isAs window and p-GaAs emit­
ter. This picture is a basic drawing, band bending at the surface (due to 
pinning) or at the hetero-interface (due to differences in electron affini­
ties) is not shown. 
solar cells is Al
x
Ga(]_
x
\As with χ between 0.8 and 1.0. For χ = 0.85 an optimal 
combination with anti reflection coatings exists and reflection losses are reduced. 
The situation at the back side of the solar cell is very similar to that at the 
front side. Minority carriers may be lost for the current by diffusion away from the 
p-η junction into the n-GaAs substrate. In the substrate, they will recombine, 
either radiatively or non radiatively. In order to prevent the diffusion into the 
substrate, an energy barrier for the minority carriers (holes) is inserted in the 
valence band. This barrier is called the back surface field (BSF), and it works in 
the same way as the window layer for the electrons in the p-GaAs emitter. 
Although the same concept applies, the situation at the back of the cell is 
quantitatively less severe. First, holes are relatively 'heavy' compared to electrons. 
Therefore they are less easily excited over an energy barrier. Secondly, the (bulk) 
recombination velocity in the substrate is much lower than the (bare) surface 
recombination velocity. Finally, we are not restricted in the material choice for the 
BSF because the material does not have to be transparent for all wavelengths. The 
usual material for a BSF is Al
x
Ga(i_
x
)As, with χ = 0.2 to 0.3. The recombination 
velocity of the Alo ßGao zAs BSF/GaAs base interface is circa 2500 cm/s for the 
low 1 0 1 7 c m - 3 doping range. 
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6.3 Solar cell structure 
The final solar cell structure of the GaAs cells made in our laboratory is shown 
in figure 6.6. First, the different layers are discussed. 
The back contact consists of a four-layer Ni-Au/Ge-Ni-Au contact [14]. It 
covers the back side of the solar cell completely. The layer sequence is: 1. 50 Â 
Ni, 2. 700 À Au/Ge alloy, 3. 300 Â Ni and 4000 À Au. The contact is e-beam 
evaporated on the substrate in high-vacuum. After evaporation, the contact is 
annealed at 450 °C for 6 minutes in nitrogen to form a low resistance Ohmic 
contact. The GaAs substrate orientation is (100), 2° misoriented towards the 
(110) plane. It is η-doped with Si; η = 2 - 4 x l 0 1 8 c m - 3 . 
The first epitaxial layer made by MOVPE is the buffer layer. It is grown to 
reduce the residual impurity level in the reactor cell. On the buffer layer a back 
surface field (BSF) is made (see section 6.2.5). The doping concentration and 
composition of the BSF maximize the barrier effect and minimize the interface 
recombination velocity with the base of the cell. Next, the base and emitter of the 
solar cell with the p-η junction are grown. The total thickness of these layers has 
to be high enough to absorb all incident photons with an energy above the GaAs 
19 , 
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Figure 6.6: Cross section of final GaAs solar cell structure. 
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bandgap (circa 5 Ο μτη for GaAs) The chosen emitter thickness gives an optimal 
earner collection for the sum of base and emitter Doping levels of emitter and 
base are a compromise between high short circuit current (low doping) and low 
saturation current with high open circuit voltage (high doping) At the top of the 
solar cell the window layer is deposited Cn top of the window layer a highly doped 
(10 1 9 c m - 3 ) GaAs cap layer is grown It is needed for a low contact resistance 
with the (patterned) front contact and for protection of the Alo ssGao isAs window 
layer against oxidation Before evaporation of the anti reflection coating, the cap 
layer is selectively etched away between the front contact fingers with a 10 1 citric 
acid peroxide etch [15] This prevents losses due to absorption and recombination 
in the cap layer 
The anti reflection coating (ARC) reduces the reflectivity of the GaAs-air in­
terface between 300 and 900 nm from an average of 37% to circa 2 5% Therefore, 
the short circuit current of a GaAs cell is enhanced by one third with a good 
ARC The coating which is used in our laboratory is optimized for combination 
with the underlying Alo ssGao isAs window layer5 It consists of 480 A of ZnS 
followed by 890 Â of MgF2 The anti reflection coating is e-beam evaporated in 
high vacuum 
The patterned top contact consists of three layers first, 300 A Au, secondly 
200 Â Zn and finally 5000-50,000 Â Au [14] The pattern is made by conventional 
photolithography [16] The front contact is evaporated by e-beam and it is an-
nealed in the same step as the back contact The top contact design provides an 
optimum between losses due to shadowing of the cell and resistivity losses due to 
contact resistance, sheet resistance of the emitter and metal resistance The top 
contact used in our laboratory was designed according to [17] and shades 3 8% of 
the total cell area The contact fingers are made as thick as possible to decrease 
the series resistance in the metal contact Typical thickness of the top contact is 
2-5 μπη Electrical connections to the top contact are made by wire bonding 
Finally, the cell area is defined by photolithography and mesa etching with 
ammonia peroxide water (2 1 10) One side of the mesa is shown in figure 6 6 
The cells made in our laboratory have a size of 1 00 c m 2 
An overview of the major process steps for GaAs solar cells is given in fig­
ure 6 7 It demonstrates that there is an extensive number of process steps which 
are mainly caused by the use of photolithography Therefore, GaAs solar cell 
production has a lot in common with the manufacture of semiconductor chips 
5
 The window layer is part of the anti reflection coating and has to be considered for reflection 
calculations 
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6.4 Improvement of efficiency I: material quality 
Good material quality is essential for a high performance solar cell. As was 
shown in section 6 2, the efficiency of a solar cell is determined by the light 
induced current and the diode saturation current. These currents are influenced 
by material parameters, especially by the minority carrier lifetimes and mobilities 
in emitter and base. We will first treat the influence of the minority carrier 
lifetimes. Long minority carrier lifetimes increase the light induced current and 
decrease the saturation current Both factors cause an increase in the solar cell 
efficiency 
The minority carrier lifetime in a layer ( r) can be determined by a time re­
solved photoluminescence technique [18] The measured lifetime ( T P L ) depends 
on the minority carrier lifetime (τ), which represents the lifetime if there would be 
no interfaces, and the interface recombination velocity S divided by the thickness 
of the layer (d) [18]: 
r p L г d 
In GaAs the lifetime is, in principle, limited to the radiative recombination life­
time ( T R ) , which is determined by the extrinsic impurity concentration (N). 
TR = 1/(BN), with В = 2 x l 0 " 1 0 c r a V 1 at room temperature [18]. The base 
of the solar cell has a doping concentration of 2 — 4 x l 0 1 7 c m - 3 and the radiative 
limit for the minority carrier bulk lifetime is circa 25 ns. For the emitter with a 
doping concentration of 2 x l 0 1 8 c m - 3 the radiative lifetime limit is circa 2 5 ns In 
practice, the minority carrier lifetime may be several times the radiative lifetime 
due to photon recycling. A minority carrier may recombme radiatively with a 
majority carrier which gives a photon. This photon may be reabsorbed again 
which creates new carriers. This process can repeat itself several times Photon 
recycling enlarges the effective carrier lifetime and enhances the efficiency^ 
The efficiency of a solar cell as a function of minority carrier lifetime and inter­
face recombination was simulated and the result is depicted in figure 6 8. It was 
assumed that the solar cell behaved like an ideal diode ( n = l ) without resistances 
The cell structure of figure 6 6 was used and material parameters were taken from 
table 6.2 The interface recombinations at the p-GaAs emitter/window interface 
and the n-GaAs base/BSF interface were set at 10,000 cm/s and 2,500 cm/s, re­
spectively. To show the influence of these recombination velocities, also an order 
higher and an order lower recombination velocities were calculated (broken lines) 
The window/emitter interface recombination velocity was varied in combination 
with the carrier lifetime in the p-layer and the base/BSF interface recombination 
was varied in combination with the carrier lifetime of the n-layer. 
6 I n case of substantial photon recycling equation 6.14 has to be modified, see e.g. [18] 
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As was argued before, figure 6.8 shows that the minority carrier lifetime in base 
(η-type) and emitter (p-type) have a major influence on the solar cell efficiency. 
In a good GaAs solar cell the lifetimes are radiatively limited. With a base 
minority carrier lifetime of 25 ns, circa 3.5% (relative) in efficiency is lost. A 
minority carrier lifetime of 2.5 ns in the emitter will cause another 3% loss. If 
these lifetimes decrease, the efficiency of the solar cell will rapidly decrease. The 
interface recombination at the back of the cell has only a minor influence on this. 
The interface recombination at the front side of the cell should be kept lower than 
10,000 cm/s in order to prevent a drastic efficiency decrease. 
Minority carrier lifetime and interface recombination velocity are influenced by 
growth parameters of the MOVPE process: growth velocity, growth temperature, 
V/1II ratio, growth pressure, carrier gas velocity, etc. In literature the influence 
of growth temperature on minority carrier lifetime is described [19,20]. We have 
determined photoluminescence lifetimes as a function of growth temperature for 
GaAs double hetero structure samples which consisted of 2.0 μτη η- or p-doped 
GaAs sandwiched between 0.2 μτη η- or p-type doped Alo 2Gao eAs. N-type layers 
were doped 1.0 ± O.lxlO 1 7 c m - 3 to simulate the base and BSF conditions. P-
type layers were doped 7 x l 0 1 7 c m - 3 which is slightly lower than the emitter 
concentration ( 2 x l 0 1 8 c m - 3 ) . This doping concentration was chosen deliberately 
to circumvent the resolution limit of the measurement system (2 ns). From the 
measured photoluminescence lifetimes the minority carrier lifetime in the emitter 
can be estimated if a (known) constant interface recombination velocity is assumed 
and the lifetime is dominated by radiative recombination. 
In table 6.4 results are given for measured P.L. lifetimes as a function of growth 
temperature of n-GaAs layers. It can be seen that an optimum lifetime is reached 
at a growth temperature around 640 °C. Furthermore, the influence of a buffer 
layer is shown. For a growth temperature of 640 °C a 1.5 μπι thick Alo 2Gao sAs 
buffer layer increases the photoluminescence lifetime by a factor 1.5. In addition 
results were better reproducible if such a buffer layer was grown. The buffer 
reduces the residual concentration of oxygen and moisture which is present on 
the surfaces of the reactor cell after loading. 
The minority carrier lifetime (τ) and interface recombination velocity (S) were 
determined from a series of samples with different active layer thicknesses (d), 
grown at a temperature of 640 °C. For the η-doped GaAs/n-doped Alo 2Gao gAs 
interface a recombination velocity of S = 2500 cm/s was determined as an upper 
limit. The minority carrier lifetime (with buffer) was 175 ± 65 ns The determined 
minority carrier lifetime exceeds the radiative limit at this carrier concentration 
and therefore the non-radiative recombination is negligible. If the radiative mi­
nority carrier lifetime is extrapolated (according to TR — 1/(BN)) to the doping 
level of the base of the solar cell (2 - 4 x l 0 1 7 c m - 3 ) , a lifetime of 88-44 ns ( ± 15 
ns) is obtained In this case the relative efficiency loss due to the carrier lifetime 
in the base would be circa 3%. 
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Figure 6.8: Normalized GaAs solar cell efficiency as a function of minor-
ity carrier lifetime and interface recombination. For the simulation, an 
ideal diode ( n = l ) was assumed and material parameters of table 6.2 and 
figure 6.6 were used. The radiatively limited lifetimes for the doping 
levels in base and emitter are indicated by an asterisk. Fully drawn 
lines represent a variation of the minority carrier lifetime in the emit-
ter for different interface recombination velocities ( S F ) between window 
and emitter. Broken lines represent a variation of the minority carrier 
lifetime in the base for different interface recombination velocities ( S B ) 
between base and back surface field. 
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Table 6 4 Measured Ρ L lifetimes (TPL) as a function of growth tem­
perature ( T G ) for η-type double hetero structures, η = 1 OxlO I 7 cm~ 3 
The estimated error in TJ»L IS 10 % 
T G (°C) buffer layer rpL (ns) 
600 
640 
640 
680 
720 
750 
G a As 
G a As 
Alo 2Gao sAs 
GaAs 
GaAs 
GaAs 
66 
70 
110 
36 
12 
10 
The measured Ρ L lifetime for the p-type double hetero structure was 11 ± 2 ns 
At the doping level of the emitter, the minority earner lifetime would be 4 ns 
The relative loss in efficiency due to the estimated minority earner lifetime in 
the emitter is circa 2 5% The interface recombination velocity of the p-doped 
Al0 85Gao i5As-GaAs interface was not determined However, the measured in­
terface recombination velocity for an intrinsic Alo esGao isAs-GaAs interface was 
S = 6500 ± 500 cm/s [18] The value for the doped interface could be somewhat 
higher due to the presence of additional recombination centres at the interface 
Besides the minority carrier lifetime, also the minority carrier mobility influ 
enees the efficiency of the solar cell A high mobility of the minority earners 
causes a high saturation current and thereby lowers the efficiency, it also causes a 
high light induced current which will increase the efficiency The total result for 
the efficiency depends on the importance of the different contributions Similar 
to the influence of lifetime on efficiency a calculation can be made of the depend­
ence of efficiency on minority carrier mobilities It turns out that if the mobility 
(either electrons or holes) is decreased from the maximum value by an order of 
magnitude, the efficiency is changed by less than 1% relative Therefore, although 
the minority carrier mobility influences the different solar cell parameters, it has 
in practice a negligible influence on the total efficiency 
It is concluded that the maximum obtainable GaAs solar cell efficiency may be 
lowered from 27 3% (table 6 3) to 25 7% due to the radiatively limited minority 
carrier lifetimes in the solar cell Actual minority carrier mobilities will hardly 
decrease the efficiency 
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6.5 Improvement of efficiency II: cell structure 
The cell structure and the different materials which are used in a GaAs solar 
cell del ermine to an important extent the efficiency of the solar cell In this 
section the influence of the design of window layer and back surface field is shown 
Control over these layers is critical for a high efficiency solar cell Of course oilier 
parameters like layer thickness and doping of emitter and base are also important 
However, these are mostly well known from literature and are easily optimized 
First the back surface field (BSF) will be treated 
In principle one would like to make the energy barrier in the valence band 
between base and BSF as large as possible, thereby introducing a large barrier for 
holes (section 6 2 5) However the BSF is made from Al
x
Ga(!_ X )As which poses 
two problems First, to increase the valence band offset with the GaAs base, one 
has to increase the aluminium content of the BSF which will increase the interface 
recombination velocity Therefore extra carriers which may be gained with a high 
valence band offset may be partly lost again through the higher recombination at 
the base-BSF interface Secondly, Al
x
Ga(j_
x
)As with an aluminium fraction of 
more than 0 2, cannot be doped higher than circa l x l O 1 7 c m - 3 due to the pres­
ence of DX-centres7 This causes an energy block in the conduction band (series 
resistance) In addition, very high donor concentrations are needed (about 1000 
times more than for GaAs or Alo iGao gAs) to obtain the l x l O 1 7 c m - 3 free carrier 
concentration This increases the base-BSF interface recombination velocity If 
an Al
x
Ga(i_
x
)As BSF will be beneficial for the efficiency of the solar cell depends 
on the contributions of the different factors which means that the optimum BSF 
should be determined by experiment 
Figure 6 9 summarizes the results for GaAs cells with different Al
x
Ga(i_ X )As 
back surface fields (x = 0,0 2 or 0 3) The curves show the dark current-voltage 
characteristic of these cells Between V = 0 6 and V = 0 8 the characteristic 
is mainly determined by the saturation current The ideality factor lies between 
η = 1 and η = 2 and the saturation current (section of tangent to the curves with 
y-axis) is lowered if the aluminium concentration in the BSF is increased As a 
direct result of this, the open circuit voltage is increased (see inset of figure 6 9), 
although the difference between an Alo 2Gao eAs BSF and an Alo aGa 0 7A4 BSF 
is negligible However, with increasing aluminium percentage of the BSF the light 
induced current decreases This is due to extra recombination at, or close to, the 
base-BSF interface as was described before 
In order to obtain a high open circuit voltage, but prevent the drop in light 
induced current, additional solar cells were made which had an Alo iGao 9AS 
BSF This was done some time after the above described experiments and other 
parameters besides the BSF were changed (window layer, front contact design, 
A R C ) Characteristics of solar cells with an Alo iGao 9As BSF were therefore 
This is the free earner concentration as determined by Hall measurements 
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Figure 6.9: Dark characteristics of GaAs solar cells with different back 
surface fields. The straight lines marked η = 1 and η = 2 represent 
theoretical diodes with an ideality factor of 1 and 2 respectively. The 
inset shows the open circuit voltage (V
o c
) and short circuit current ( I
s c
) 
of the cells. The I8 C was measured with respect to a (non calibrated) 
reference cell. 
not comparable to the above given. However, calculations showed that the va­
lence band offset for a 5 x l 0 1 7 c m - 3 doped Alo.1Gao.9As BSF with the GaAs base 
is 125 meV. Since 5 x l 0 1 7 c m - 3 free carrier concentration can be readily obtained 
in Alo iGao.gAs, an optimal confinement of holes in the base is achieved. For the 
cells with such an Alo . iGao.gAs BSF the V
o c
 was as high as that of cells with an 
Alo зСао 7As BSF. Due to the low aluminium content and the absence of a large 
number of recombination centres, a low interface recombination and high short 
circuit current is obtained. In the final solar cell structure an Alo.1Gao.9As BSF 
is incorporated. 
The function of the window layer is the same as that of the back surface field, 
but now on the front side of the cell. In principle the window layer should be as 
transparent as possible for incoming photons. Therefore low aluminium percent-
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ages are not acceptable The material should at least be indirect (A1 X GA(] _,,|As 
with χ > 0 4) and in order to prevent the rapid oxidation of pure AlAs usually 
aluminium percentages between χ = 0 8 and χ = 0 9 are chosen In addition the 
window is made as thin as possible to minimize absorption losses, However tun­
nelling through the window layer has to be prevented and the optimum thickness 
of the window layer is circa 30 nm 
The use of Alo ssGao isAs poses a practical problem which is similar to the one 
for the BSF it is very difficult to dope the window layer ρ type to 2 x l 0 1 8 c m - 3 
which is needed to prevent a significant valence band offset There are two 
solutions for this problem First, an excessive amount of ρ dope can be used 
([DEZn]/([TMGa]+[TMAl] ratio circa 8) to achieve an electrical active concen­
tration of I x l O 1 8 c m - 3 Secondly, a lower aluminium concentration (x = 0 45) 
may be used for the window material The best solution cannot be given on 
beforehand and therefore again experiments are needed 
In figure 6 10A the dark characteristics of GaAs solar cells with differently 
doped Alo esGao isAs window layers are depicted This figure shows that a higher 
doped window layer decreases the saturation current and increases the open cir­
cuit voltage This is explained by the increase in conduction band offset (higher 
voltage) for a higher doped window layer Figure 6 10B shows the quantum effi­
ciency curves for the same set of cells A higher doped window layer gives a better 
quantum efficiency response in the blue part of the spectrum and therefore a high­
er light induced current 8 This indicates that the light induced current is mainly 
determined by the the offset in the valence band and that the recombination at 
the window emitter interface is less important The influence of composition of 
the window layer on the light induced current is shown in figure 6 11 Although 
the Alo 45Gao 55AS window layer and the Alo ssGao isAs window layers were both 
doped to I x l O 1 8 c m - 3 , the latter gave a superior quantum efficiency response and 
a higher short circuit current 
For comparison, figure 6 11 also shows the quantum efficiency curve of one of 
the final cells with a highly doped Alo esGao 15AS window (marked 'improved') 
The difference between the quantum efficiency curves for both Alo esGao 15AS 
window layers, reflects two years of development of the upper part of the solar 
cell First, growth of the window layer was improved so that layer thicknesses was 
more uniform and better reproducible Better thickness control led to the growth 
of a 30 nm thick window, whereas the solar cell of curve 2 had a window layer 
which was approximately 50 nm thick The thinner window layer reduces the 
absorption and subsequent recombination of the high energy photons Therefore 
the blue side of the quantum efficiency curve is drastically improved Secondly, 
' T h e short circuit currents of figure 6 10B are measured relative with respect to a reference cell, 
in contrast to for example the short circuit currents of figure 6 11, which are absolute (AMI 5 
1000 W/m 2 ) Because of this, care should be taken if short circuit currents of figure 6 10B are 
compared with other values 
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Figure 6.10: Dark characteristics (A) and quantum efficiency curves (B) 
for GaAs solar cells as a function of the p-doping concentration of the 
Alo 85Gao 15AS window layer. In figure (A) the measured open circuit 
voltages are indicated (V
o c
) and in figure (B) the relative short circuit 
currents ( I
s c
) with respect to a reference cell. 
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Figure 6.11: Quantum efficiency curves and (absolute) short circuit cur­
rents for GaAs cells with different Al
x
Ga(!_
x
)As window layers. 
the reflection of the solar cell was greatly reduced by replacement of a single layer 
S1O2 coating by a double layer ZnS/MgF2 coating. The double layer ARC was 
carefully optimized with respect to the light induced current output. Finally, 
shading of the top contact was further reduced from circa 7.5% to 3.8%. As a 
result of these improvements the (absolute) light induced current went up from 
22.5 mA/cm 2 to 27.3 mA/cm 2 . 
6.6 I m p r o v e m e n t of efficiency in t i m e 
In this section an outline will be given of the improvements in efficiency from a 
more or less historical viewpoint. The outline starts in 1993 when we started to 
measure our solar cells with an independently calibrated reference cell. Figure 6.12 
shows the open circuit voltage, short circuit current, fill factor and efficiency as a 
function of time. 
The typical open circuit voltage for a GaAs solar cell made in 1993 was below 
1.0 V. This was enormously improved by application of a back surface field. Op­
timization of this BSF and optimization of the window layer (as described in the 
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Figure 6.12: Change of open circuit voltage (Vo c) , short circuit voltage 
(Is,r), fill factor (FF) and efficiency (η) of typical GaAs solar cells in time. 
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previous section) led to a V
o c
 of 1 04 V in the beginning of 1994 However, tlie 
use of an Alo зОа 0 7As BSF led to either a low fill factor, which was caused b\ 
series resistance due to too low doping, or to a low short circuit current, which 
was caused by additional recombination due to high doping The optimum was 
found and a reasonable cell efficiency was obtained (above 20%) However, these 
problems could not be solved completely and therefore it was impossible at that 
time to obtain a high value for all parameters simultaneously 
In 1994 the doping concentration of the BSF was decreased a little in order 
to obtain a reasonable combination of short circuit current and fill factor This 
reduced the open circuit voltage, however At that time we started to improve 
our buffer layer procedure which increased the bulk lifetimes At the begin of 
1995 we started to work on an Alo iGao 9As BSF which demonstrated a high 
open circuit voltage together with a high short circuit current and Fill factor The 
remainder of 1995 was used to experiment with the thickness of the top contact. 
An increase in thickness from 300 rim (initially) to 4 μπι led to a major increase in 
fill factor (from 0 78 to 0 86) In addition the quality of the anti reflection coating 
was improved by optimization of the evaporation equipment This led to a slight 
increase of the short circuit current. 
Together, the improvements led in 1995 to a best cell efficiency of 23.9%, which 
is an European record. The current voltage curve and the quantum efficiency of 
the record cell are shown in figure 6.13 In table 6.5 the cell parameters are 
summarized for AM1.5G and AMO illumination. 
Table 6.5: Performance of best single GaAs solar cell made by KUN till 
October 1995. Indicated are the cell efficiency (77), cell area (A), open 
circuit voltage (V
o c
), short circuit current density (I
sc
)> fill factor (FF) 
and date of measurement (date) for AMI 5G (1000 W/m 2 ) and AMO 
(1367 W / m 2 ) illumination. The data were measured at the Fraunhofer 
Institute in Freiburg 
Parameter 
Ό 
A 
Voc 
Isc 
FF 
date 
(%) 
(cm 2 ) 
(V) 
( т Л / с г а 2 ) 
AMI 5G 
23.9 
1.00 
1.038 
27.15 
0.846 
21-09-1995 
AMO 
21.1 
1.00 
1.043 
32 60 
0 849 
21-09-1995 
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Besides a significant improvement in efficiency in the last two years, also the 
scatter in solar cell efficiency is reduced This can be visualized if we compare 
the best cell efficiencies with the typical (average) ones in 1993 and 1995 In the 
beginning of 1993 there was an absolute difference of 5% between the best cell 
efficiency (20 5%, figure 6 1) and the average value (15 5%, figure 6 12) This 
was to a small extent due to differences in cell structure, but the main cause 
was variation in cell and processing parameters The scatter was dominated by 
differences in fill factor values At the end of 1995 cell efficiencies ranged between 
22 5% and 23 9% and the difference between best and average value is reduced to 
less than 1% 
6.7 Conclusion 
Singlejunction GaAs solar cells are currently used only for space applications, but 
they have a large potential for other applications as well Combination of GaAs 
cells with other materials in a tandem solar cell will lead to very high efficiencies 
This is vital for high energy demanding, small area applications like portable 
equipment and applications were batteries have to be replaced In this chapter an 
efficiency limit for singlejunction GaAs solar cells was calculated which included 
practical losses For AMI 5x1 illumination a maximum efficiency of 27 3 % was 
predicted Radiative recombination decreases this value to 25 7% The efficiency 
of practical GaAs solar cells made at the KUN increased the last two years from 
15% to more than 23% (AMI 5x1) A best cell efficiency of 23 9% was obtained, 
which is an European record 
Further improvement of the GaAs cell efficiency may be expected by a better 
design of the top contact It was shown by other research laboratories that shading 
due to the front contact may be reduced to below 2% (KUN 3 8%) This would 
boost the short circuit current from 27 2 mA/cm 2 to 27 7 mA/cm 2 In addition to 
this, the fill factor can be improved by a thicker front contact The best fill factor 
obtained at KUN was 0 86, for a cell with a 5 0 μπι thick front contact From 
literature it is known that for a 10 μΐΉ thick front contact the resistance losses 
decrease further and a value of 0 87 may be reached For the best cell of 1995 the 
fill factor was only 0 846 due to a front contact thickness of 1 75 μπι The open 
circuit voltage of the best cell in 1995 was 1 038 which was lower than the typical 
value (1 043) of cells made at that time Therefore, if a thick top contact with 
low shading would be combined with a cell with a typical open circuit voltage, 
an efficiency of (1 043x27 7x0 87) 25 1% may be reached This value equals the 
current world record 
Even further increase in efficiency should be possible by replacement of the 
two layer anti reflection coating by a three-layer one This could increase the 
short circuit current with circa 0 4 mA/cm 2 and the obtained efficiency will be 
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(ireл Г) 4(/ Il will lx v<iv (ΙιίΓκιιΙΐ to improve the practical GaAs solar cell 
еІГккік lx vond lins valu« b<(aiis< a way must be found to overconn tlie radiative 
recombination loss One possibility may be the use of photon recycling in thin 
film sohr cells with a highly reflective back contact 
Л mon obvious path towards Ingiù г (ІГкіспсу is probably combination of the 
high quality GaAs cell with (( lis made from other materials in a tandem solar cell 
Somt piomising examples of this were already given in the introduction With 
a three junction tandem cell efficiencies up to 409c may be realized Finally, m 
ord< r to profit from the high ( ificiency of III—V solar cells it is necessary that the 
cost of these cells is brought down 
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THIN FILM GaAs SOLAR CELLS 
A van Geelen, Ρ R Hageman, Ρ Schmidt, G J Bauhuis, P C van Rijsingen, 
S M Olsthoorn, L J Giling, 12th European Photovoltaic Solar Energy 
Conference, (H S Stephens, Felmersham, U Κ , 1994), 1386 
Abstract 
Thin film GaAs solar cells made by epitaxial lift off could reduce production cost 
of current GaAs solar cells by at ¡east a factor of five The ratio between output 
power and weight for this type of cell ¡s a factor of two higher than for GaAs on 
Ge solar cells High quality lift off films of areas up to 2x2 cm2 were produced 
and surface quality of the substrates is not decreased by the lift off process Crack 
free areas of 5x20 mm2 were reproducibly obtained A high reflective ohmic back 
contact to the thin film was obtained by the use of an evaporated gold contact 
and a special support to prevent crack formation during thermal anneal 
7.1 Introduction 
Thin film GaAs (III—V) solar cells made by epitaxial lift off (ELO) form a new 
route to obtain high efficiency, cost efficient and low weight solar cells Detach-
ment of the active solar cell area from the underlying passive GaAs substrate gives 
a number of important advantages over thick III—V solar cells 
The ELO process leaves the GaAs substrate completely intact, which contrasts 
with simple thinning methods where the substrate is lost After ELO the GaAs 
substrate can be cleaned and used to grow a new solar cell Based on current 
cost of a GaAs substrate (approximately $ 100 for 45x45 mm2) and the data of 
Alsema [1] for the cost of MOCVD equipment and MOCVD materials it can be 
shown that the total GaAs cell cost decreases by a factor of five when the substrate 
is re-used ten times 
Even further reduction in cost is possible by using light trapping in the ELO 
cell On the back side of the ELO cell a highly reflective [2] mirror is present in 
the form of the Au or Pd contact If light trapping on the front side is applied 
in a similar way as for c-Si solar cells, the solar cell thickness could be made only 
1 μπι without loss of efficiency Reduction in cost for such a thin ELO GaAs cell 
would be a factor of eight (ten times re-use of the substrate) 
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l'or .space applications a high ratio between output power and weight of the 
solar cell modules is of prune importance. Thin film GaAs solar cells can reach 
energy/weight ratio's of 67Ü W/kg [,t] Thin Si and GaAs on germanium cells 
reach only circa 300 W/kg In addition thin film GaAs solar cells can be made on 
a stronger supporting material and may absorb light from both sides of the cell 
Although a number of papers have been published on the epitaxial lift-off 
process and the corresponding preparation of thin film GaAs solar cells [ 4 - 8 ] , 
until now no results have been published on large area crack-free ELO GaAs films 
or on efficiency of crack-free GaAs ELO solar cells. The purpose of this study 
is to obtain large area ( l x l cm" and up) crack-free thin film GaAs solar cells by 
ELO The essential steps to reach this goal are the epitaxial lift off process itself 
and the development of an Ohmic back-contact. 
7.2 Experimental 
7.2.1 MOCVD growth and characterization 
Epitaxial structures consisting of an AlossGaoisAs release layer and either a 
single GaAs layer or a GaAs/Alo oGao
 8As DH structure were grown in a commer-
cially available low pressure MOCVD reactor. Standard thickness of the release 
layer was 50 inn but also thicknesses of 10 nm, 100 nm and 1 μτη were grown. 
Thickness of the GaAs layer or DH varied between 100 nm and 4 μηα Intrinsic 
as well as η and ρ type structures were grown. Trimethylgallium and tnmethyl-
alummium were used as group III precursors. Arsine (100 %) was used as group 
V source Disilane (50 ppm in No) was used as η-type dopant, diethyl zinc was 
used as p-type dopant The reactor pressure was kept at 20 mbar. V/III ratio 
wai> 125. Growth temperature of the GaAs and Alo ssGao isAs was 640 °C and 
680 °C respectively Growth rates were approximately 2 /jm/hr. GaAs oriented 
(100) 2° off towards [110] was used as a substrate. 
Morphology of the ELO film and the substrate was studied by optical mi­
croscopy Contacts were made by e-beam evaporation and standard photolitho­
graphy Contact resistance measurements were made according to the TLM 
(Transfer Length Method). Minority carrier lifetimes were measured by time 
resolved photoluminescence on DH structures. 
7.2.2 Epitaxial lift off 
For the release of the thin film a wax layer was used together with a 0.1 mm 
thick supporting plastic foil. The wax layer is needed to stick the support foil 
to the GaAs film and causes the thin film to curve upwards during the etching, 
which enhances the undercutting rate of the etch The supporting plastic foil is in 
fact a superstrate which prevents cracking of the fragile thin film after the lift off 
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0.1 mm plastic foil 
0.05 mm wax 
1000 nm GaAs ELO layer 
Figure 7.1: Schematic drawing of sample configuration during the lift off 
process. 
process and makes it easy to handle. For the wax layer Apiezon Wax W or Apiezon 
Wax W100 were found best suited. The wax layer was made under cleanroom 
conditions to prevent incorporation of dust particles as much as possible. The 
wax connected to the plastic foil was molten on the GaAs and excess wax at the 
sides of the samples was removed with trichloroethylene. A sketch of the final 
configuration is given in figure 7.1. 
The lift off was performed by etching away the 50 nm Alo ssGao.isAs release 
layer with the selective etch HF (10%) in water (25 °C). The undercutting etch 
rate was approximately 0.6 m m / h r . For other thicknesses of the release layer 
the undercutting etch rates are given in table 7.1. Results are roughly consistent 
with Yablonovitch [4]. The temperature of the etch was found not to be a critical 
parameter between -20 °C and +50 °C. At higher temperatures the selectivity of 
the etch is lowered and the undercutting etch rate is increased. 
When lift off was completed thin films on the plastic support foil drifted in 
the etch solution. They were taken out and rinsed in de-ionised water. Further 
mounting of the thin film onto a new substrate is described in section 7.3.4. In 
most cases samples were simply left attached to the plastic foil. 
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Tabic 7 1 Undercutting etch rates V for different thicknesses D of 
Alo 85^'äo 15A.S release layer in 10% IIF Temperature of the etch is 25°C 
Measurement error in Y is ± 0 15 m m / h r 
D (nm) V (mm/hr ) 
10 1 0 
50 0 6 
100 0 4 
1000 0.2 
7.3 Results and discussion 
7.3.1 Quality of ELO films and substrates 
CaAs lift off films with different areas are freed from their substrates. Thin films 
of 20x20 mm 2 can be successfully produced. Larger areas were not attempted 
but due to the plastic support foil no additional problems are expected. ELO lift 
off films are mirror smooth with the exception of the presence of macro cracks in 
the film. Sometimes dust particles bend the film and local cracking around the 
hillock can be observed. Typically on a sample of 10x20 mm 2 three to five macro 
cracks are present. Currently the reproducible crack free area is 5x20 mm2 . The 
width of 5 mm is determined by crack formation (see 7.3.2) and the length of 20 
mm is the length of the sample. Largest crack free area obtained is 12x17 mm 2 . 
Lifetime measurements were performed on an η-type doped ( lx lO 1 c m - 3 ) DH 
structure. For one part of the sample the substrate was etched away (thinned) 
while another part of the DH was freed from the substrate by ELO Results of the 
lifetime measurements are given in table 7.2. As can be seen lifetime enhancement 
due to light trapping in the thin film and photon recycling is observed. This 
indicates the high radiative lifetime of carriers in the layers and the high qual­
ity of the lift off ELO film. A similar enhancement in lifetime was measured by 
Lush [9]. 
The surface of the GaAs substrate after lift off looks mirror smooth Some 
small pieces of the edge of the thin film are normally left on the substrate. These 
pieces are underetched but I hey stick due to adhesion to the substrate. Small 
pieces can be removed with a І І^ОІГ.НгОгіНгО etch, 2:1:10 (5 min) in an ultra-
116 
THIN FILM GaAs SOLAR CELLS 
Table 7 2 Lifetimes measured in η-type GaAs/Alo 2Gao sAs DH struc­
ture Thickness of the active layer was 2 μιτι Thinning was performed 
with a citric acid etch, ELO with an HF (10%) etch Thinned and lifted 
off sample were mounted on a glass plate by van der Waals bonding 
Free standing film was obtained as described in [9] 
Sample Lifetime Enhancement Factor 
As grown 129 ns 1 0 
Thinned 259 ns 2 0 
ELO 294 ns 2 3 
Free standing 444 ns 3 4 
sonic bath In fact no other additional features or roughening could be detected in 
comparison with the substrate before growth The good quality of the substrate 
after lift off is due to the extreme selectivity of the HF etch (10 7) 
7.3.2 Crack formation 
In order to understand the reasons for crack formation we estimate the critical 
bending radius for the structure of figure 7 2 We assume that the plastic foil and 
the wax are elastically deformed due to the bending In bent state the middle 
plane of the plastic foil will be strain free whereas the GaAs will be under tension 
and the bare side of the plastic foil under compression As a first approximation 
we take the critical limit for crack formation the same as the limit for dislocation 
formation x=Aa/ao = l x l O - 3 ao is the length of the strain free plane and Д а 
is the difference between the length of the GaAs film and ao By simple geometry 
we can calculate the critical radius 
R
c
 = D/2 ( 1 / x - l ) (7 1) 
With D the thickness of the wax layer and plastic foil (0 15 mm) and χ = 1χ10~3 
we find a critical radius of 7 5 cm 
The bending radius in figure 7 2 will be determined by the difference in thermal 
expansion coefficients of the GaAs and the wax (and plastic foil) and the onset 
of plastic deformation of the wax Since the wax is molten on the GaAs sample, 
thermally induced elastic strain will be incorporated when the temperature drops 
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GaAs substrate 
Strain free plain 
Figure 7.2: Bending behaviour of thin supported ELO film. 
below the plasticity (stiffening) point of the wax. This elastic strain is released 
during the etch. Before the etch the wax and plastic foil are under tension with 
regard to the GaAs substrate and therefore they will bend away from it as the 
etch proceeds. 
If we assume that the thermal strain is completely released by bending, a 
bending radius in the order of 2 mm is calculated for a GaAs/wax film (at 25°C) 1 . 
Since the thermal expansion of the plastic is somewhat smaller than that of the 
wax the bending radius of the GaAs/wax/plastic structure will be somewhat 
larger than 2 mm. However instead of bending the complete film with a radius of 
2 mm, the strain is locally released by the formation of (compressive) cracks in 
the fragile GaAs thin film. This explains the crack formation. 
To overcome the problem of crack formation we have used a softer wax with 
lower plasticity point (Apiezon W100). Indeed the number of cracks was reduced 
significantly and the large crack free areas reported in section 7.3.1 were obtained 
with this wax. Currently we investigate different possibilities to solve the cracking 
due to thermal strain. 
t h e r m a l expansion coefficient of GaAs = 6.3xl0~6 0 C _ 1 , thermal expansion coefficient of 
Apiezon wax W = 6xl0"~4 ° C _ 1 , onset of plastic deformation of the wax: 85°C. 
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7.3.3 Back contacting 
In thick solar cells the evaporated contacts are annealed at circa 450 °C to obtain 
ohmic behaviour This poses a serious problem in the case of a thin film cell 
since the thermal expansion coefficients of metals and GaAs are so different In 
addition a high reflective back contact would be beneficial for the efficiency of the 
solar cell. Gold is best suited for this but no unalloyed Au contact with n-GaAs 
can be made. We investigated two different routes to solve this problem. 
The first possibility is to make an unalloyed ohmic back contact to GaAs with 
van der Waals bonding to palladium. Pd is very mobile and diffuses at room tem­
perature into the GaAs to form an Ohmic contact [5] Contact resistance's with 
evaporated Pd contacts were determined. For p-GaAs ( 2 x l 0 1 9 c m - 3 ) a contact 
resistance o f 6 x l 0 - 3 Ω-cm2 was measured, which is equal to the value obtained in 
our alloyed Au/GaAs contacts. For n-GaAs ( 5 x l 0 1 8 c m - 3 ) a contact resistance of 
0.25 Ω-cm2 was measured which is four times higher than the normal Au/GaAs 
contact resistance. Alloying of the Pd/GaAs contacts did not improve the contact 
resistance It is therefore concluded that it is possible to make an unalloyed back 
contact with palladium (as long as it is covers the whole back surface) but the 
contact resistance with n-GaAs will be rather high 
The second route consists of evaporation of a normal Au contact on the thin 
film/plastic structure Before thermal anneal the film is mounted on a new sub­
strate and the plastic foil is removed A 1 mm thick support material with the 
same thermal expansion coefficient as GaAs was used together with a conduct­
ive glue to stick the thin film with back contact to the new substrate After 
curing of the glue the plastic foil was removed with tnchloroethylene and the 
complete structure was annealed at 450 °C for 15 minutes The sample had only 
few cracks before annealing and no additional cracks were observed due to the 
thermal treatment As far as the authors know this is the first time that a high 
reflective ohmic gold back contact is successfully made to an n-GaAs thin film 
For useful application of this contact the thin film has to be absolutely crack free, 
otherwise shortcutting of the p-η junction due to the evaporated gold will occur 
Still this is probably the best method for back contact formation to thin GaAs 
films 
7.3.4 Process route to ELO solar cell 
Since the width of the crack free area was still relatively small (5 m m ) no thin 
film solar cells were made yet The route to obtain these cells however, is clearly 
established by the current results 
1 Mesa etch of outer edge of the solar cell in order to prevent etching of the high 
aluminium containing window The mesa etch is made through the window 
layer but not through the Alo esGao is As release layer 
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'2 Application of wax and plastir foil to the GaAs and cleaning of the edges 
wi(h Inchloroethyleiic. 
3 Lift off of thin film by selective etch with HF. 
4 Evaporation of back contact on back side of thin film (supported by plastic 
foil) 
5 Make connection of solar cell and new substrate, curing of the glue. 
6 Dissolve the wax and take off plastic support. 
7 Normal front contact processing· evaporation of front contact, annealing 
of contacts, etching of cap layer, final mesa etch and evaporation of anù 
reflection coating 
Of these process steps only improvement of the crack free area has to be studied 
further 
7.4 Conclusion 
Thin film solar cells made by epitaxial lift off form a viable approach to lower 
the cost and the weight of current thick GaAs solar cells. It. was demonstrated 
that high cjiiality epitaxial lift off films and re-usable substrates can be produced 
Reproducible crack free areas of 5 mm in width were obtained. This area is 
determined by the thermal strain introduced by application of the wax and plastic 
foil. Back contacts with van der Waals bonding to palladium as well as with 
evaporated gold contacts were successfully made Finally the process route to 
obtain thin film GaAs solar cells is given Increase of the crack free area is an 
issue of further investigations. 
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EPITAXIAL LIFT-OFF GaAs SOLAR 
CELL FROM A REUSABLE GaAs 
SUBSTRATE 
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L J Gihng, accepted for publication in Materials Science and Engineering В 
Abstract 
Modifications to the existing epitaxial lift-off (ELO) method are described, which 
enable lift-off of large area devices (¡ike solar cells) With the modified ELO 
method crack-free III-V films were obtained, up to 2 inch m diameter and 1 to 
6 μπι thick For the first time epitaxial lift-off GaAs solar cells were made which 
contained an etch sensitive AlossGao isAs window layer An energy conversion 
efficiency of 9 9% (AMI 5Gxl) was measured for the ELO GaAs cells Compared 
to the thick GaAs reference cell, ELO cells still suffer from a low fill factor due 
to series and shunt resistances Current GaAs ELO cells represent a power to 
weight ratio of 200 W/kg Because of the high selectivity of the ELO method, 
GaAs substrates remain unaffected after ELO Reuse of a GdAs substrate after 
ELO was investigated m order to reduce cost of III- • V solar cell modules With 
a simple cleaning procedure, GaAs substrates could be used at least four times 
without degradation of the minority carrier lifetime or carrier mobility of the 
grown epilayers 
8.1 Introduction 
Integration of (opto)electronic devices based on III V materials with integrated 
circuits based on silicon has been the topic of extensive research in the last decade 
III V materials offer an enormous span of direct bandgaps between 0 2 and 3 4 eV 
(365-6200 nm) which makes them exceptionally useful for photonic devices (light 
emitting diodes, semiconductor lasers, amplifiers, optical modulators, photo de­
tectors, solar cells) In addition, electronic III V devices have a superior high 
speed behaviour compared with their silicon counterparts On the other hand, 
technology of silicon integrated circuits is much more mature than that of III-V 
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(leviers and the major part of current semiconductor devices is based on silicon 
At present, a strong motivation for monolithic integration of both technologies is 
provided by the demand for low cost, high bandwidth telecommunication, high 
speed electronics and cost-efficient photovoltaic electricity production. 
Traditionally, integration of different III—V materials ( e g GaAs on InP) or 
11IV materials on silicon has been accomplished by hetero epitaxy. However, 
severe problems caused by lattice-mismatch and difference in thermal expansion 
coefficients still inhibit growth of high quality materials [1] The best dislocation 
densities of hetero epitaxial grown GaAs on silicon vary between 105 and 10 s c m - 2 
[2] For many devices (e g. lasers, solar cells) this leads to a lower performance 
or an inferior reliability, compared to the homo epitaxial ones [3]. An additional 
problem is posed by the high temperature which is needed for growth of III—V ma­
terials on silicon This inhibits processing of silicon devices before growth of III-V 
material Because III V materials are not allowed in standard silicon processes, 
a separate process line needs to be set up [4] It is clear that for high quality 
devices made by hetero epitaxy still a lot of fundamental research is needed and 
investments will be high. 
In the last decade, alternative ways for integration have been explored, like re­
moval or thinning of the substrate (mechanical or by etching) [5-7] , wafer fusion 
or bonding by atomic rearrangement [8 - 11], epitaxial lift-off (ELO) [12 - 16] and 
cleavage of lateral epitaxial films for transfer (CLEFT) [17, 18]. These methods 
have in common that devices are made by homo epitaxy and the substrate is re­
moved subsequently Integration has to be accomplished by mechanical stacking 
of the thin film device with a foreign substrate, which causes a number of tech­
nical problems Handling and alignment of the fragile thin film (1-4 /лті thick) 
devices needs special precautions and Ohinic contacts have to be obtained at low 
temperatures (below 250 °C) However, epitaxial material quality is high and the 
final substrate may be selected on basis of material properties rather than on 
crystal growth demands. 
Probably the most successful method for GaAs has been epitaxial lift-off 
(ELO) This method uses a very thin (5-50 nm) sacrificial Al As layer which 
is grown between device and the GaAs substrate. The thin film device is released 
from its host substrate by selective etching of the AlAs layer with HF, together 
with the compressive strain induced by a wax layer. Due to the extreme select­
ivity of the HF (10 7 [14]), the substrate is left unaffected and can in principle be 
reused after ELO The viability of the ELO approach is clearly demonstrated by 
the different III-V devices which have been integrated with foreign substrates-
light emitting diodes on silicon [19,20], lasers on glass and silicon [21,22], photo 
detectors on glass and silicon [23,24], optical modulators on glass [25,26], and 
GaAs MESFET's on an InP directional coupler and a lithium niobate optical 
switch [27.28] In recent years an enormous progress has been made in ELO tech­
nology A good overview is given by Demeester et al. [29]. Solutions have been 
found for the problem of handling and alignment of the ELO devices [26,30,31] 
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and a substantial amount of papers on non alloyed Ohmic contacts have been 
published (eg . p-type contacts [32-34]; η-type contacts [35-37]) 
Photovoltaic electricity production is still not wide spread, although, from an 
environmental point of view, it is a very clean source of energy. Main reason 
for the limited use of photovoltaics is the high energy cost compared to cost of 
conventional sources (e g natural gas, oil, coal) Increase of the energy conversion 
efficiency of solar cells is one way to reduce the cost of photovoltaic energy. The 
best conversion efficiency of current crystalline silicon solar cells is 24% [38]. The 
highest efficiency of single GaAs cells is 25% [38], which is limited by radiative re­
combination [39]. This loss mechanism may be overcome by light trapping [40,19] 
and photon recycling (re-absorption of the photon emitted after recombination) 
However, a much higher conversion efficiency can be obtained from a stack of two 
or three solar cells with different bandgaps (40%, [41]) To achieve this, materials 
based on GaAs and InP or silicon have to be integrated. 
Integration of high efficiency III V solar cells with light weight substrates is 
of direct interest for space applications. The cost of space electricity is mainly 
determined by the energy/weight ratio of the photovoltaic module. A high en­
ergy/weight ratio is desired for a low launching cost of the satellite III-V tandem 
cells integrated on thin glass are able to obtain energy weight ratios of more than 
1000 W/kg [7], whereas thin silicon solar cells or III-V tandems on germanium 
can reach only 300 W/kg 
In order to become cost efficient for terrestrial electricity production, a re­
duction in cost of photovoltaic modules is needed in addition to high efficiency 
Substrate cost constitute roughly 90% of the total cost of current III-V solar cell 
modules [42] (chapter 12) Therefore a reduction in cost for high efficiency cells 
based on GaAs or InP can only be achieved by growth on a cheaper substrate (e.g 
Si) or by reuse of the substrate. For example, if a GaAs substrate could be used 
ten times, the module cost would be reduced with a factor five [42]. Epitaxial 
lift-off is the only method which offers, in principle, the possibility of reuse of the 
substrate without extensive additional processing of the wafer 
In spite of progress on small area devices, application of epitaxial lift-off for 
large area devices like solar cells, is still in its infancy. Konagai [12] reported 
for the first time on ELO GaAs cells, but the area was only 2x3.3 m m 2 More 
recently Wilt [13] and Lush [39] reported on ELO GaAs solar cells but no cell 
efficiencies were given due to either the very small areas or due to fracturing of 
the film The lack of publications on epitaxial lift-off of large area films (some 
cm
2 ) is due to fundamental limitations of the current ELO technique. First, the 
speed of etching is determined by diffusion of the reaction products and therefore 
by the thickness of the etch layer and the amount of opening up of the slit [14] 
For the conventional ELO technique the amount of opening up is controlled by 
the compressive strain of the wax layer and because of practical reasons the under 
etched area is limited to 1 cm 2 . Secondly, it is very difficult to obtain crack-free, 
intact, large area films. Cracking of the film may be induced during lift off due 
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to non-uniform strain inducpd by the wax layer After lift-off the risk of fractures 
is substantial, because the flexible sandwich of wax and thin film is difficult to 
handle 
In this article it is shown that problems of the current ELO method can be 
overcome by the use of a modified etching configuration and the use of a copper or 
gold layer on the device With the modified ELO method large area GaAs films 
can be made Two process routes to ELO GaAs solar cells on glass are examined 
and results for 1 cm 2 devices are given Finally, the material quality of thin films 
is discussed and evidence is presented that GaAs substrates can be used several 
times in combination with the modified ELO method 
8.2 Experimental 
Epitaxial structures were grown in a low pressure metal organic vapour phase 
epitaxy (MOVPE) reactor Arsine (АвНз, 100%) was used as group V source gas. 
Trimethyl gallium (TMGa) and trimethyl aluminium (TMAI) were used as group 
111 precursors. Diethyl zinc (DEZn) and disilane (S12H6, 1000 ppm in N2) were 
used for p-type and η-type doping, respectively Epilayers were grown at a reactor 
pressure of 20 mbar and a reactor temperature of 640 °C Growth rates for GaAs 
and Al
x
Ga ( 1 _ x ) As were 1 7 μιη/ηΓ and 1.5 μιτι/hr, respectively. Growth was 
performed on η-doped and semi-insulating (100), 2 degrees misoriented towards 
[110] GaAs wafers Epitaxial structures consisted of a 0 5 μιτι GaAs buffer layer, 
a 10 inn Alo asGao isAs release layer followed by either a single GaAs layer for 
electrical measurements, or a GaAs/Alo 2Gao sAs double hetero structure (DH) 
for minority carrier lifetimes, or a GaAs solar cell 
After MOVPE, solar cell devices and test structures were released from their 
substrate according to the ELO method described in section 8.3. Carrier concen­
trations and mobilities were determined by Hall -van der Pauw measurements on 
1 0 μπι thick η-type GaAs layers glued to glass A cloverleaf was defined by stand­
ard photolithography followed by etching in ammonia:peroxide:water (2:1.10) N-
type ohmic contacts were obtained without annealing due to the 10 1 8 c m - 3 doping 
concentration of the epilayers. 
Minority carrier lifetimes were measured with time resolved photolumines-
cence on undoped GaAs/Alo 2Gao sAs double hetero structures. A time-correlated 
single photon counting technique was used with low level excitation densities [44]. 
The structures consisted of a 0.5 μπι thick GaAs layer, which protected the 
cladding layer for the 10 % HF etch, a 0 2 μπι thick Alo 2Gao HAS cladding layer, a 
1.0 μπι thick active GaAs layer followed by a 0.2 μπι thick Al0 2GaosAs cladding 
layer. 
Surface roughness of GaAs wafers was determined with a commercial two 
dimensional optical step profiler with a height resolution of 2 nm [45]. 
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Figure 8.1: Cross section of conventional (thick) GaAs reference cell. 
Two types of epitaxial lift off solar cells were produced. A normal structure 
wa.s made, with a layer stacking identical to the (thick) GaAs reference solar cell 
(figure 8.1), and a reversed structure was made, with the emitter side towards 
the substrate. The process sequence of both ELO cell types was different and 
is described in detail in section 8.4. In addition to the ELO cells, (thick) GaAs 
solar cells on a GaAs substrate were made as a reference. For all solar cells p-
and η-type contacts were made by e-beam evaporation and standard photolitho­
graphy techniques. The front (p-type) finger contact covered 3.6% of the total cell 
area, which was exactly lxl cm" as defined by a mesa etch. Finally, a two layer 
MgF2/ZnS anti-reflection coating was evaporated and solar cell performance was 
measured with a stabilized halogen lamp and a calibrated reference cell. 
8.3 Epitaxial lift-off for large area III-V films 
In order to remove a large area thin film (circa two inch in diameter and 1-
6 /im thick) from its substrate, a continuous support during and after lift-off is 
needed. A commercially available, transparent flexible plastic foil (0.1 mm thick) 
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Figure 8.2: Schematic cross section of epitaxial lift-off sample with sup­
port layers before the sample is etched with HF. 
was used. The foil is stable against HF and elevated temperatures (up to 190°C). 
The foil is connected to a sample with black wax (Apiezon W) which is applied 
at temperatures in excess of 150 °C. This ensures low viscosity and a thin wax 
layer (typically 50 μη\). Excess wax at the sides of a sample is carefully removed 
with trichloroethylene or xylene. At one side of the sample a mixture of wax 
and trichloroethylene is applied which functions as a hinge in the final stage of 
etching. Figure 8.2 shows a cross section of the sample and support layers before 
the sample is etched with HF. 
While the etch proceeds, the plastic foil acts as a support for the fragile thin 
film. In addition, the foil is used to exert a constant force on the film as is depicted 
in figure 8.3. A weight attached to one side of the foil bends the film away from 
the substrate with a constant curvature and the small etch slit (10 nm) which is 
left behind by the Alo ssGao isAs release layer, opens up. This method provides a 
constant diffusion velocity of reactant species in time, and thereby a constant etch 
velocity. In conventional ELO, diffusion of reactant products is more and more 
limited as the etch proceeds and the etch velocity decreases rapidly for longer 
etch slits [14]. For the current ELO method the etch proceeds preferentially in 
one direction (instead of four), due to the attached weight and the opening up of 
the etch slit. It was found that this unidirectional etching drastically reduces the 
number of cracks in thin films with areas larger than 1 cm 2 . 
Actual lift-off is performed by hanging the sample with support foil and weight 
upside down in a closed teflon beaker at room temperature. At the bottom of the 
128 
EPITAXIAL LIFT-OFF GaAs SOLAR CELL FROM ... 
Figure 8.3: Schematic cross section of sample configuration during FLO 
etch. 
beaker a little etch solution is put (10 % HF in water) which gives a saturated 
vapour of moisture and HF. One droplet of etch solution is positioned on the 
plastic foil against the edge of the sample, on the side of the weight. Due to 
etching of the 10 imi thick Al0 ssGa-o isAs release layer the thin film is loosened 
gradually from the substrate. At the end of the etch, the thin film hangs down 
vertically, held only by the hinge of wax. Once the thin film is released, it can be 
easily handled by manipulation of the plastic foil. Due to the support, the thin 
film can be bended significantly before additional cracks are introduced. 
With the described method a typical lateral etch velocity of 1 ( ± 0.15) mm/hr 
is obtained. The etch velocity strongly depends on thickness of the Alo ssGao isAs 
release layer as is shown in table 8.1. If the thickness of the release layer increas­
es, the lateral etch velocity decreases due to diffusion limited transport of the 
reactant products. The etch velocities as a function of release layer thickness 
agree (within the error of measurement) with the results of Yablonovitch [14], 
who demonstrated that ν ~ ( d - R ) ~ 0 5 , with ν the lateral etch velocity, d the 
thickness of the release layer and R the radius of curvature of the film near the 
etching region. It was found that the etch velocity is a strong function of the 
weight attached to the plastic foil. A high weight decreases the radius of cur­
vature (R) and thereby increases the lateral etch velocity. The etch velocity is 
only slightly influenced by the etch temperature (-10°C< Τ < 5 0 ° C ) , the alu­
minium concentration of the Al
x
Ga(!_
x
)As release layer (0.4 < χ < 1.0) and the 
HF concentration (5% < [HF] < 25%). However, it was found that the lateral 
etch velocity was substantially lowered if the release layer was doped p-type. From 
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1 lióse data it is concluded (hat the etch velocity of the described E LO method is 
determined h\ I he etch configuration (thickness curvature) and only to a small 
extent b\ ridettoli parameters (temperature, solid composition, cicli concentra-
tion) 
With the described ELO method we freed 1 0 μη\ thick GaAs films of up to 
2 inch diameter or 45x45 m m 2 square from their substrate The typical etch time 
for a two inch wafer was two days The 2 inch diameter is an upper limit due to 
the size of the MOVPE reactor, it is not the limit of the ELO method In fact it 
is expected that even larger areas can be removed from the substrate 
Although the first ELO lift-off films were mirror smooth, still macro cracks 
were observed in the thin film The crack pattern was regular with cracks perpen­
dicular to the etch direction, extending over the complete width of the sample 
Typical distance between cracks was 5 mm The cracks are caused by thermally 
induced strain due to the difference in expansion coefficients of wax and plastic 
foil on the one side and GaAs film and substrate on the other An increase of the 
etch temperature decreases the number of cracks However, even at 50°C which 
is tli« upper temperature limit because of softening of the wax, cracks were still 
present 
I he problem of cracking was solved by increasing the mechanical strength of 
the thin film by evaporation of a metal layer on the sample prior to attachment to 
the plastic foil The metal consisted of either copper or gold, 2-3 μ\η thick since 
other metals are severely attacked by the HF With the additional metal layer, 
thin films of any sue up to two inch could be obtained crack-free 
I able 8 1 Undercutting etch rates V for different thicknesses d of 
Alo H'j(íai) isAs release layer in 10% HF Etch temperature is 25 °C 
MeasuroiiK nl error in V is ± 0 15 m m / h r 
d (nm) V (mm/hr ) 
10 1 0 
50 0 6 
100 0 4 
1000 0 2 
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Figure 8.4: Layer stack of normal and reversed epitaxial lift-off solar 
cells. Doping levels and thicknesses of the layers correspond to the values 
given in figure 8.1. The η-contact layer has a thickness of 0.6 μτη and 
is doped 5 x l 0 1 8 c m - 3 . Etch sensitive Alo ssGao isAs layers are cross 
hatched. 
8.4 GaAs ELO solar cells on glass 
Since the GaAs substrate is removed, epitaxial lift-off devices can be processed 
on two sides of the device. This offers two possibilities for the sequence of layers 
in a structure. A 'normal ' structure has a layer stack which corresponds to the 
conventional cell structure and a 'reversed' structure with the sequence of layers 
in reversed order. The same final device is obtained from normal and reversed 
structures, but growth and processing sequences are clearly different. An advan­
tage of the normal approach is that the small area front contact may be annealed 
at high temperatures with the device still on wafer, which greatly reduces the 
contact resistance. On the other hand, the front contact may introduce a highly 
nonuniform strain, the copper layer which is needed for the ELO lift-off has to be 
etched away and the number of process steps for the normal structure is larger 
than for the reversed structure. We have fabricated epitaxial lift-off solar cells 
with a normal structure as well as with a reversed structure. The initial layer 
stacks of these cells (after MOCVD) are depicted in figure 8.4 and an overview of 
the process steps of normal and reversed cells is given in figure 8.5. 
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Figure 8.5: Overview of process steps of normal and reversed ELO GaAs 
solar cells. 
The process sequence for the normal cell starts with the first mesa. This mesa 
is etched with a non-selective etch through the window layer of the cell and into 
the second buffer layer. It is not part of the conventional process sequence, but 
it is needed for ELO solar cells to protect the Alo esGao isAs window layer in 
the cell for the HF etch. After the first mesa, the Au-Zn-Au front contact is 
evaporated, annealed at 460 °C and subsequently a 2-3 μπι thick copper layer 
is evaporated. The copper layer covers the complete mesa, including the front 
contact and the sides of the Alo esGao isAs window layer. Finally wax and plastic 
foil are applied. Since cracks are prevented in the modified ELO method, the etch 
sensitive window layer is completely protected by the GaAs buffer layer on one 
side and by the copper and wax on the other sides. Figure 8.6 shows a schematic 
cross section of a side of an ELO cell before the ELO etch. 
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Figure 8.6: Cross-section of one side of an ELO GaAs solar cell after 
preparation for the ELO etch. 
After ELO, the sequence of the normal cell proceeds with evaporation of a 
large area, non-alloyed Pd-Ge back contact. Subsequently the device is glued 
to glass and plastic and wax are removed. The copper layer is removed with 
arnmonia:peroxide (25:1), which etches the copper rapidly but does not attack 
the gold top contact nor the GaAs top contact layer. The cell is finished in a 
conventional way by a mesa etch which defines the total area of the cell (ammo-
nia:peroxide:water, 2:1:10), a cap layer etch which removes the GaAs top contact 
layer (citric acid:peroxide, 10:1 [46]) and evaporation of the anti reflection coating. 
A schematic cross section of a finished device is shown in figure 8.7. 
The sequence of the reversed ELO cell (see figure 8.5) starts with the first 
mesa which serves the same purpose as that for the normal cell. After this, a 
standard large area Au-Ge-Ni back contact is evaporated on the epi side which is 
annealed subsequently to obtain a low resistance. The back contact is thickened 
with 2-3 μιτι of copper to obtain the strength needed for lift-off. The copper covers 
the sides of the mesa in the same way as for the normal cell. The cell is prepared 
for ELO and the lateral etch is performed (step 5). At this point the back side 
of the cell is completely processed but it is still connected to the flexible plastic 
foil. Since for photolithography a more rigid support is preferred, the plastic foil 
and wax are replaced by a glass substrate and UV hardening cement. Finally the 
front side of the cell (originally towards the substrate) is finished in a conventional 
way by evaporation of a non-alloyed Pd front contact, the mesa and cap etch and 
evaporation of the ARC. 
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Figure 8.7: Cross section of a GaAs ELO solar cell glued to glass. 
Table 8.2: Solar cell parameters of normal GaAs ELO cell, reversed 
GaAs ELO cell and thick GaAs reference cell. Indicated are the cell effi­
ciency (77), cell area (A), open circuit voltage (V
o c
), short circuit current 
density ( I
s c
) and fill factor (FF) for AM1.5G (1000 W / m 2 ) illumination. 
Parameter GaAs reference ELO normal ELO reversed 
Ή 
A 
v
o c 
'sc 
FF 
(%) 
(cm2) 
(V) 
(mA/cm2) 
23.9 
1.00 
1.038 
27.15 
0.846 
9.0 
1.00 
0.965 
24.66 
0.379 
9.9 
1.00 
1.016 
24.20 
0.402 
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Figure 8.8: Current-voltage curves of normal GaAs ELO cell, reversed 
GaAs ELO cell and thick GaAs reference cell. 
The performances of the first (normal and reversed) GaAs ELO cells and the 
performance of the best thick GaAs reference cell are compared in figure 8.8 and 
table 8.2. The normal and reversed ELO cells behave very similarly. The efficiency 
of both ELO cells is circa 9.5%, which is reasonable but much lower than that 
of the reference cell (23.9%). This is mainly caused by a drastic decrease in fill 
factor. The open circuit voltage and short circuit current of the ELO cells are 
nearly as good as typical values for thick GaAs cells. The low fill factor of the 
ELO cells may be caused by series resistance (Ft
s
), shunt resistance (R
s
h), by a 
decrease of diode quality or by a combination of these factors. A logarithmic plot 
of the dark current versus voltage of the ELO cells shows that the current-voltage 
behaviour is dominated by resistances. 
The series resistance is mainly caused by the contact resistance of the non-
alloyed Ohmic contacts which tends to be an order of magnitude higher than 
that of alloyed contacts (either n- or p-type). However, the normal ELO cell 
has a large area non-alloyed back contact whereas the reversed ELO cell has a 
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small non-alloyed finger contact. Since both ELO cells behave quite the same 
it is concluded that a shunt resistance dominates the current-voltage behaviour. 
The reason for this additional shunt resistance is not clear at the moment. In 
principle, it could originate from enhanced recombination at the sides of the cell 
(for example near the back contact) or from tiny pinholes through the cell. 
8.5 Multiple use of GaAs substrates 
Reuse of GaAs substrates in combination with lift-off could substantially reduce 
the cost of large area GaAs devices (like solar cells). In this section the dependence 
of the material quality of ELO films on the number of reuses of the GaAs substrate 
is reported. For solar cells, the most important device parameter is the diffusion 
length (L) of the minority carriers, which in its turn depends on the minority 
carrier lifetime ( r ) and the mobility (/¿). In addition, the surface roughness of the 
GaAs substrate may influence the sharpness of interfaces. 
Before a GaAs substrate can be reused, it has to be prepared (cleaned) for 
the next, growth. Three cleaning procedures were investigated and an overview 
is given in table 8.3. The first procedure is used for preparation of new GaAs 
substrates as it removes only the GaAs oxide layer. The second procedure etches 
the GaAs substrate with a alkaline ammonia peroxide solution at a rate of 1.0 
/ /m/min. The third procedure etches the GaAs substrate with an acid solution of 
phosphoric-acid peroxide. The etch velocity of this etch is also 1.0 μπι/min. 
Table 8.3: Cleaning procedures for regrowth on used GaAs substrates. 
Procedure 1 Procedure 2 Procedure 3 
trichloroethylene 
acetone 
isopropanol 
nanopure water 
10% HCl in water 
nanopure water 
trichloroethylene 
acetone 
isopropanol 
nanopure water 
2:1:10" 
nanopure water 
10% HCl in water 
nanopure water 
trichloroethylene 
acetone 
isopropanol 
nanopure water 
1:1:5' 
nanopure water 
10% HCl in water 
nanopure water 
"2:1:10 N H 4 O H : H 2 0 2 : H 2 0 
ь 1 : 1 : 5 Н з Р 0 4 : Н 2 0 2 : С Н з О Н 
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Table 8 4 Influence of surface treatments on the roughness of a GaAs 
substrate Indicated are the RMS (root mean square) and the PV (peak 
to valley) parameters for the surface roughness of (a) a new GaAs 
substrate, (b) a GaAs substrate after one time ELO, (c) a GaAs substrate 
after a simulation of ten times ELO and cleaning (10x[12 h in HF and 
10 s in 2 1 10]), (d) as (c) but for longer cleaning times (10x[12 h in HF 
and 60 s in 2 1 10]) and (e) a GaAs substrate after ten times cleaning 
(10x[60 s in 2 1 10]) 
RMS (nm) PV (nm) 
a 
b 
с 
d 
e 
new GaAs substrate 
GaAs substrate after ELO 
lOx HF + lOx 10 s 2 1 10 
lOx HF + lOx 60 s 2 1 10 
lOx 60 s 2 1 10 
2 
2 
10 
47 
22 
12 
27 
89 
370 
112 
With cleaning procedure 1 a hazy morphology of the epilayers was observed 
after the first regrowth (second use) Minority carrier lifetimes after the first re-
growth were below the resolution of the measurement system (2 ns), whereas a 
lifetime of 1 /is was obtained for the reference structure grown on a new substrate 
Probably the epitaxial lift-off step leaves a number of organic and inorganic im­
purities on the GaAs surface which are not adequately removed with cleaning 
procedure 1 Because of the poor material quality, this procedure was not further 
investigated As the results for cleaning procedure 2 and 3 were similar, in the 
remaining part of this section results for cleaning procedure 2 (ammonia peroxide 
etchant) are discussed 
First, the influence of the repeated cleaning and immersion in HF on the 
roughness of the GaAs substrate was investigated The RMS (root mean square, 
average deviation from the mean height of the surface) and the PV (peak to valley, 
maximum difference between highest and lowest point on the surface) for different 
surface treatments are given in table 8 4 Values were determined from an average 
over five independent scans of lx l m m 2 A new GaAs substrate (a) is flat within 
the resolution of the optical step profiler (2 nm) After one ELO step (b) the 
roughness of the surface is hardly affected However, a simulation of ten times 
ELO and cleaning (c and d) shows a gradual roughening of the substrate After 
ten times, the surface becomes wavy like with small etch pits and the surface 
roughness is increased with circa a factor often The roughening is partly due to 
HF immersion, which introduces small sharp etch pits, and partly to the repeated 
cleaning which increases the waviness of the surface (e) [47] The amount of 
roughening indicates that there is a limit to the number of reuses for the simple 
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Figure 8.9: Normalized minority carrier lifetime and Hall mobility as 
a function of the number of uses of a GaAs substrate. The values are 
normalized with respect to a reference sample (on a new substrate) which 
was grown in the same run. ELO samples were measured 'as grown' with 
the structure still connected to the (reused) substrate and as ELO film, 
after epitaxial lift-off with the structure connected to a glass plate. 
cleaning procedure used. In case of extensive reuse the substrate will have to be 
repolished after a regular number of times. 
Figure 8.9 summarizes the results for the carrier lifetimes and mobilities as 
a function of the number of uses. In order to exclude run to run variations, the 
measured lifetime (mobility) of each ELO sample is normalized with respect to a 
reference sample. The reference sample consisted of a new GaAs substrate which 
was added each growth run (each run a new, unused substrate) and which was 
positioned next to the reused ELO substrate. The ELO sample was measured 'as 
grown' (before lift-off) and as ELO film (after lift-off, glued to a glass plate). 
The measured minority carrier lifetimes of the reference samples varied be­
tween 600 and 2500 ns, which are very good values for intrinsic double hetero 
structures with a 1 μτη thick active layer. The minority carrier lifetimes of the as-
grown samples vary between 0.6 and 1.2 times the value of the reference sample. 
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For the four times use which were investigated, no degradation of the carrier 
lifetimes was found when the substrate was (re)used 
The carrier lifetimes of the ELO films glued to glass (same samples as 'as 
grown') are significantly higher than the measured as grown values This lifetime 
increase is explained by enhanced photon recycling (see e g [48-50]) In case of 
the ELO films the GaAs substrate is replaced by glass, which has a much lower 
refractive index than GaAs (GaAs η = 3 5, glass η = 1 5) Therefore more 
photons are internally reflected at the back side of the double hetero structure and 
photon recycling in the structure is increased This raises the effective (measured) 
minority carrier lifetime A similar lifetime enhancement was found for n-type 
doped double hetero structures [42] (chapter 7) The observed increase of meas­
ured minority carrier lifetime in lift off films is a strong indication that losses 
due to non-radiative recombination (Shockley-Read-Hall, interface recombination, 
recombination at defects) are low 
The carrier concentration (n) and Hall mobility (μ) of the reference sam­
ples was constant within the measurement accuracy η = 3 0 x l 0 1 8 c m - 3 and 
μ — 1975 c m 2 V _ 1 s _ 1 The carrier concentration of as grown samples was equal 
to the value of the reference samples η = 3 0 х 1 0 1 8 с т " э , whereas the carrier con­
centration of the ELO film on glass was η = 2 3 \ 1 0 , 8 c m ~ 3 The small decrease 
in carrier concentration after lift off is explained by additional pinning of the Fer­
mi level at the back surface and depletion of carriers at the GaAs-glass interface 
The carrier mobilities of as grown samples and lift off films differ only slightly 
from the reference value ( 1 0 to 1 14 times the reference value) 
From the tables of Walukiewicz [51] it is deduced that the compensation ratio 
for all samples is 35 %, which is a reasonable value for this doping concentration 
The measured mobilities are slightly higher than values calculated with the com­
puter package PC-ID 1 [52], which indicates that they are comparable with the 
best state of the art values 
I he results described m this section demonstrate that release of an epitaxial 
film from the GaAs substrate by FLO does not decrease the material quality Λ 
GaAs substrate can be used four tunes m combination with the LLO method 
without degradation of material quality of the thin film Since after four t imts 
use no degradation was observed the potential for reusing the GaAs substrat« a 
considerable number of times is clearly present 
8.6 Conclusion 
Integration of optoelectronic devices based on GaAs, IuP or silicon, is need« d 
for high bandwidth telecommunication, high speed electronics and high efficient, 
]
Э 0 \ 1 ϋ Ι β c m - 1 l T T O c n ^ V - ' s - 1 
2 4 x l U 1 " c m - < 1898 c m ^ V - ' s - ' 
1.(9 
Γ/tapfer H 
low cost photovoltaic energy generation In the past years, epitaxial lift-off has 
developed as a successful method for integration of small area devices and it has 
h< come an alternative to hetero epitaxial growth Until now, the use of ELO 
for integration of large area devices (photo detectors, OEIC's solar cells) was 
obstructed due to a low lateral etch velocity, nonuniform strains in the wax layer 
and crack formation in the fragile thm film 
We have modified the original ELO method, as designed by Yablonovitch in 
order to handle large area (full 2 inch size) III V films of only a few microns 
thick First a support foil was attached to the thin film Secondly, a weight was 
attached to the support foil which increased the etch speed in one direction Third 
a new etch configuration was designed, with the sample hanging upside down in 
a closed teflon beaker, saturated with moisture and HF Finally, a metal layer 
of copper or gold was applied to the device to increase the mechanical strength 
The modifications resulted in crack free GaAs ELO films as large as the substrate 
(two inch round, or 45x4*) m m 2 ) with a thickness of only 1 μτη The films could 
b( handled by the plastic support foil and were glued to a glass plate 
For the first time, large area GaAs FLO solar cells ( l x l cm 2 , б μτη thick) with 
an etch sensitive Alo esGao isAs window layer were freed from the GaAs substrate 
and conveyed to a glass plate Two different process routes for ELO solar cells were 
mvestigattd, however results were similar A best efficiency of 9 9% (AMI 5Gxl) 
was measured for the ELO cells Compared to the thick GaAs reference cell, ELO 
cells suffer from a low fill factor which is caused by increased series resistance 
(non-alloyed contact) and/or increased shunt resistance (increased recombination 
at the back contact or tiny pinholes) Further work on these issues is needed to 
improve the efficiency of ELO cells 
A simple cleaning method was investigated for the reuse of GaAs substrates 
after epitaxial lift-off It was found that after four times use, minority carrier 
lifetimes and carrier mobilities for ELO films did not decrease This indicates 
the high potential for extensive reuse of the GaAs substrate in combination with 
FLO For very high number of reuses repohshing of the wafer may be necessary 
m order to limit the surface roughness 
The described results indicate that the modified ELO method can be a viable 
route for integration of small and large area devices Even for small area devices it 
is easier to handle a 2 inch wafer (or part of it) instead of single devices For III—V 
solar cells the developed method may contribute to higher conversion efficiencies 
due to new possibilities for cell stacking Replacement of the GaAs substrate by 
a light weight glass plate leads to extremely high energy-weight ratios, which is of 
prune importance for space solar cells High conversion efficiencies together with 
extensive reuse of the GaAs substrate may lead to a substantial reduction in cost 
of III—V solar cell modules 
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InGaP, A PROMISING MATERIAL 
FOR TANDEM SOLAR CELLS 
A. van Geelen, P.R Hageman, W. Gabrielse, L J Giling, 10th. E.C Photovoltaic 
Solar Energy Conference, (Kluwer, Dordrecht, the Netherlands, 1991), 541. 
Abstract 
Ιη(ΐ_
χ
)ΟάχΡ can be used as a material for wide bandgap solar cells. The pho­
tovoltaic quality o f / n ( 1 _ x ) G a x P ¡s better than that of Al^^^Ga^As, which is 
used mostly in GaAs based tandem solar cells This paper describes the MOCVD 
growth and characterization of ІЩі_
у
)Са
х
Р epilayers on GaAs. Perfectly lattice 
matched 7 n ( ! _
x
) G a
x
P epilayers have been obtained at different growth temper­
atures These lattice matched layers exhibited excellent optical and electrical 
properties. Photoluimncsccnce measurements at 4 К resulted in a FWHM of 9 0 
meV, while Hall-Van der Pauw measurements of the undoped layers gave mobil­
ities of 6000 cm2V~ls~] the best value reported m literature so far The lattice 
matched layers have been doped n- and p-type over a wide earner concentration 
range Preliminary results on Zn( i_
x
)Ga
x
P soiar cells indicate an efficiency of 
4 5% (AMI 5) Further improvement of this efficiency may be attained easily 
9.1 Introduction 
Monolithic two junction solar cells based on GaAs and Al
x
Ga(i_
x
)As have been 
predicted to reach an efficiency of 30 - 35% (AMO, one sun). But in spite of this, 
only recently a GaAs/Al
x
Ga(i_
x
)As tandemcell was able to attain an efficiency 
slightly higher than a single junction GaAs solar cell [1]. Limitation of the effici­
ency of the tandemcell is generally ascribed to the poor photovoltaic quality of the 
Al
x
Ga(!_
x
)As. This is thought to originate from the sensitivity of A l x G a ^ x j A s 
for small traces of O2 and H2O present during growth in the MOCVD reactor. 
I i i ( i _
x
) G a
x
P is a 111—V material which can cover, dependent on composition, 
a wide range of bandgap values. When it is chosen to be lattice matched to 
GaAs it has a bandgap of about the same value as Alo 4Gao 6As· 1 90 eV How­
ever, compared to Al
x
Ga(i_
x
jAs it has a much lower sensitivity for oxygen and 
moisture. This sensitivity is of the same order as for GaAs and forms no prob-
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( hdpter 9 
leni for modern state of the art reactors Furthermore the recombination ve­
locity at the [no ^Gao sP/GaAs interface is approximately 30 times lower than 
at the Al
x
Gd(i_ X jAs/GaAs interface [2,3] So as for the photovoltaic quality, it 
seems that I n ( i _ „ ) G a
x
P is a more suitable material for tandem solar cells than 
A l
x
G a ( 1 _ x ) A s 
Control of the I n ( i _ X ) G a x P epilayer composition is of primary importance 
because of the intended lattice matching to GaAs For I n ( i _
x
) G a
x
P this is less 
easily achieved than for Al
x
Ga(!_ X )As The difference in lattice constant between 
G a P and InP is large compared with that between GaAs and AlAs Therefore 
a small change in composition of the I n ( i _
x
) G a
x
P will cause a relatively large 
change in lattice constant In practice, both control of composition and lattice 
matching can be achieved without difficulties [4] So it appears that I n n -
x
) G a
x
P 
really is a promising material for tandem solar cells This is supported by the fact 
that a monolithic InGaP/GaAs tandem solar cell with an η of 27 3% is made by 
Olson et al [5] 
In this chapter we present the first results of our I n ( 1 _ x ) G a x P growth experi­
ments Because of its importance, control of the layer composition and lattice 
matching to the GaAs substrate are discussed first Secondly, the growth rate of 
I n ( i _
x ) G a x P , which is important with respect to control of the layer thickness, 
is given as a function of temperature Furthermore η-type and p-type doping of 
Ino 5Gao 5P have been performed As a result of these investigations Ino sGao 5P 
solar cells on GaAs substrates were made and some preliminary results are pre­
sented 
9.2 Experimental procedure 
9.2.1 MOCVD growth and characterization 
All In( 1 _ X )Ga ) ( P layers were grown in a commercially available, low pressure 
MOCVD reactor Tnmethylindium (TMI) and trimethylgalhum (TMG) were 
used as sources for the group III components Arsine and phosphine, both 100% 
pure, were the group V precursors Disilane (S12H6, 100 ppm in N2), was used 
as 11-type dopant while diethylzinc (DEZn) was available as p-type dopant All 
epilayers were grown on (100) 2° towards (110) oriented GaAs substrates (both 
doped and semi-insulating) The reactor pressure was kept at 20 mbar in all ex­
periments Hydrogen, purified by a palladium diffusion cell, was used as carrier 
gas at flow rates of 5 or 7 slm 
Samples were electrically characterized with C-V profiling and Hall-Van der 
Pauw measurements Optical quality of the grown material was determined with 
photoluminescence measurements, either at 4 К or at room temperature The 
composition of the I n ( i _
x
) G a
x
P epilayers could be calculated from X-ray rocking-
curves and electron microprobe measurements (EPXMA) 
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Figure 9.1: 
G a
x
I n ( 1 - х ) ' 
Solid phase 
epilayer as a 
gallium content (XG¡ 
function of the gas 
У(І-Хса)) of the 
phase composition 
( P T M G / P T M I ) at three different growth temperatures. The dashed lines 
represent the lattice matched region around - -^ *— l - X c 
9.2.2 Solar cell processing and efficiency measurement 
After the MOCVD growth, front (Au/Zn/Au) and back (Ni/Au-Ge/Ni) contacts 
were made by e-beam evaporation. The front contact was defined by a mask and 
obscured approximately 8% of the cell area. After evaporation the contacts were 
annealed for 4^ minutes at 460 °C. The cell's perimeter was defined by cleaving 
the edges. A selective etchant was used to remove the GaAs contact layer between 
the grid fingers. The anti-reflection coating consisted of three layers: MgFo, ZnS, 
MgF 2 , with thicknesses of 20, 520 and 980 À. 
The cell efficiency was measured using a simple xenon lamp and a water filter. 
The short circuit current was calibrated by using a reference cell. The current-
voltage characteristic was measured by a four contact method. 
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9.3 Results and discussion 
9.3.1 Lattice matching 
To obtain lattice matched I n ( ! _
x
) G a
x
P epilayers on GaAs substrates, χ should be 
0.516 at room temperature and 0.504 at 900 K. 
Experiments were carried out with different gas phase compositions and using 
different growth temperatures. In figure 9.1 the fraction gallium in the solid 
(Х(іа/(1-Хаа)) 's shown as a function of the concentration T M G over the concen­
tration TMI in the gas phase, at three different growth temperatures. As can be 
seen in figure 9.1 lattice matching can be obtained in the whole temperature region 
used. The gas phase composition necessary to obtain lattice matched epilayers 
depends however on the growth temperature. At higher growth temperatures less 
TMG is required. 
The solid composition is found to be independent of the V/III ratio (i.e. mole 
fraction of phosphine over mole fraction TMG and TMI) applied at growth tem-
T — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι 1 1 — 
Щ І І T=600°C 
••••• T=640°C 
AAAAA T=700°C 
J 1 ι I ι ι ι I ι ι ι 1 1 1 ι I 1 — ι — ι — 
О 100 200 300 400 500 
V/III 
Figure 9.2: Gallium content X c
a
 of the I n ( i _
x
) G a
x
P epilayer as a func­
tion of V/III ratio at different temperatures. 
U . Ü O 
X 
0.50 
Ga 
0.45 
Π Λίλ 
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Λ 
20· 
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Figure 9.3: X-ray rocking curves for a) slightly mis-matched epilayer and 
for b) perfectly lattice matched epilayer of InGaP on GaAs at 300 K. 
peratures above 640 °C. At 600 °C, instead, the epilayer becomes more gallium 
rich at higher V/III as is shown in figure 9.2. This might be due to the fact that 
TMG decomposes faster in the presence of phosphine or arsine. 
Examples of X-ray rocking curves are given in figure 9.3. Figure 9.3a shows a 
graph of an I n ( ! _
x
) G a
x
P epilayer which is slightly mismatched at room temper­
ature, although it is nearly lattice matched at the growth temperature. 
From this rocking curve we calculate a lattice mismatch of —1 χ 10~3 at room 
temperature which implies a solid composition X c
a
 = 0.501. Part b of figure 9.3 
gives a plot of a perfect lattice matched I n ( i _
x
) G a
x
P layer at room temperature. 
The FWHM of 21 arcsec. for figure 9.3a and 21 arcsec. or less for figure 9.3b 
indicates the good quality of the epilayer. The little satellite peak observed at 
higher ω in figure 9.3a (and possibly in figure 9.3b) is due to a more gallium rich 
composition of the I i i ( i _
x
) G a
x
P . This may be caused by a non optimal switching 
procedure between the GaAs buffer layer and the In^-x jGaxP epilayer. 
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Figure 9.4: Plot of ratio of rates of incorporation of gallium and indium 
growth species (a) and growth rate (R) versus reciprocal temperature 
(1000/T). a is defined as r-TMCi where ÎTMG is the concentration inde-
pendent growth rate of GaP and гтмі is the concentration independent 
growth rate of InP. 
9.3.2 Growth rate and incorporation coefficient 
The total growth rate and the ratio of the rate of incorporation of gallium and 
indium species [6] (a) are plotted as a function of reciprocal temperature (1000/T 
( K - 1 ) ) in figure 9.4. For these experiments the concentrations of TMG and TMI 
were equal and kept constant over the whole temperature region (see chapter 2). 
The growth rate shows an apparent activation energy of 6 kcal/mole in the 
low temperature region. The same apparent activation energy is found for growth 
of GaAs under similar conditions. This indicates that this temperature behaviour 
is determined by the gas phase decomposition of T M G . Under these growth con­
ditions the growth rate is in the transition region between kinetically gas phase 
limited and diffusion gas phase limited growth. 
At growth temperatures higher than 650 °C the growth rate shows nearly no 
temperature dependence. This is consistent with diffusion limited growth. 
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The growth rate was found to be independent of the V/III ratio for the growth 
temperatures used, although the V/III ratio was varied between 50 and 900. 
In figure 9 4 it is seen that at lower temperatures α depends strongly on 
temperature. This is thought to be caused by the larger activation energy for 
gas phase decomposition of TMG in comparison with the activation energy of 
TMI. So at these lower growth temperatures the incorporation ratio and thus 
the composition of the solid is determined mainly by the TMG decomposition. 
At higher temperatures both TMG and TMI decompose fast enough so that a 
levels off In this case diffusion of growth species towards the surface determines 
a In this region a is slightly larger than one, meaning that the overall rate of 
incorporation of gallium growth species is somewhat larger than that of indium 
species 
9.3.3 Photoelectrical quality 
The photoelectrical quality of lattice matched I n ( i _
x
) G a
x
P as determined by PL 
is a complex function of growth temperature, V/III ratio and growth rate. In 
all lattice matched samples reasonable PL intensities and FW Η M values were 
obtained, although some samples did not show any luminescence at room tem­
perature. Our best FWHM at 4K was 9.4 meV (peak energy 1.87 eV), a value 
which belongs to the best reported in literature 
In all lattice matched samples a PL peak energy shift was observed. The shift 
indicated a lowering of the normal bandgap of 1 98 eV by 20 to 100 meV (at 4K), 
depending on the growth conditions The anomalous change in bandgap is caused 
by spontaneous (CuPt-type) ordering in the material, as is described by several 
authors [ 7 - 9 ] . 
9.3.4 Electrical characterization and doping 
Our undoped I n ^ . ^ G a x P layers are typically η-type, with a free carrier con­
centration of less than 10 1 6 c m - 3 The mobilities of these undoped layers vary 
between 3000 and 6000 cm 2 V - 1 s_ 1. To the knowledge of the authors these are 
the highest values reported in literature. 
Doping experiments were performed by changing the input mole fraction of 
either disilane (η-type) or diethylzinc (p-type). The growth temperature was 
600 "C. We were able to dope Ino sGao 5P n- and p-type over a wide range 
starting at a few times 10 1 6 up to 8 χ 10 1 8 c m - 3 Mobilities of the intentionally 
doped layers are very high in respect to the literature values. 
9.3.5 Solar cell characteristics 
The design of our first Ino sGao 5P solar cells is depicted in figure 9 5 The 
solar cells were grown at 600°C on η-type GaAs substrates (n = 5 χ 10 1 7 c m - 3 ) . 
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1400 nm 
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Figure 9.5: Schematic drawing of Ino sGao sP solar cell. 
First a thin GaAs buffer layer was grown (n = 5 χ I O 1 7 c m - 3 ) . Successively 
the Ino.5Gao.5P base and emitter were grown and doped η = 2 χ IO 1 7 c m - 3 and 
ρ = 1 x IO 1 8 c m - 3 The p-type GaAs contact layer was doped ρ = 8 χ 10 1 8 c m - 3 
No window layer was applied yet. The solar cells were made intentionally rather 
thin because of their future use as a top cell in a monolithic tandem solar cell. 
Although no effort has been made to optimize this Ino sGao.sP solar cell, 
already an efficiency of 4.5% is reached (AM 1.5, one sun). From figure 9.6 it can 
be seen that the V
o c
 is 1.16 V, the J
s c
 is 6.2 mA c m - 2 and the F F is 0.63. 
The cells still suffer from a rather big series resistance, causing the poor fill 
factor. Also the current density is not maximal, probably because part of the 
incoming light is not absorbed in the thin solar cells. The lack of window layer and 
back surface field results in rather high recombination velocities at the emitter/air 
interface and at the back side of the cell which diminishes the current. The value 
of the open circuit voltage indicates that the p-njunction is also not optimal yet. 
Improvements can be carried out easily by establishing the optimal values 
for layer thicknesses and doping levels. Further benefits are expected from a 
thin window layer of Al
x
Ga(i_
x
)As or Alo.5Ino.5P on top of the emitter. Also 
the switching procedure from GaAs to I n ( i _
x
) G a
x
P can be improved, thereby 
reducing the number of threading dislocations at the junction. 
9.4 Conclusion 
The results of our first investigations of the wide bandgap material I n ^ . x j G a x P 
are quite encouraging. By MOCVD the material can be grown lattice matched 
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Figure 9.6: I-V characteristic of G a
x
I n ( 1 _ x ) P solar cell. 
to GaAs over a wide range of temperatures. In the lower temperature region 
(600 °C - 650 °C) both incorporation coefficient and growth rate depend on the 
decomposition rate of T M G . 
High quality Ino.5Gao.5P epilayers could be grown, and resulted in an X-ray 
rocking curve FWHM of 21 arcsec, a 4 К photoluminescence FWHM of 9.0 meV 
and record mobilities of 6000 cm 2 V - 1 s _ 1 for undoped samples. A preliminary 
effort to make I n ( i _
x
) G a
x
P solar cells yielded an efficiency of 4.5%. Improvement 
of the cell can be obtained easily by finding the optimal values of thickness and 
doping levels for the different layers. Also a window layer should be applied. At 
this time improvement of the solar cell efficiency seems straightforward and there 
seems to be no basic limitation towards higher efficiencies. 
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Ga(1_x))o.5In0.5P WINDOWS 
(x = 0, 0.5, 1) for ρ on η Gao.5Ino.5P 
SOLAR CELLS 
A van Geelen, R A J Thomeer, Ρ Ft Hageman, G J Bauhuis, Ρ С van 
Rijsingen, L J Giling, 12th European Photovoltaic Solar Energy Conference, 
(H S Stephens, Felmersham, U Κ , 1994), 1382 
Abstract 
In this chapter the results are presented of ρ on η Ga0 5ino s P solar cells with 
Alo sino $P, (Alo ¡Gao 5 Jo 5^0 5P and Gao 5ІП0 5 Ρ windows It is shown that tlie 
efficiency of the cells is limited by high front surface recombination m the order of 
106 cm/s For the three investigated window materials minority carriers from the 
emitter can tunnel through the window barrier to the bare front surface This is 
caused by pinning of the Fermi level at the surface Additionally, for Alo 5ІП0 5P 
the barrier height is lowered due to the limited maximum p-dopmg concentration 
Best solar cell efficiency is obtained with a 300 nm thick AIQ 5ІП0 5Γ window 
(12 8%, AMI 5) Further improvement is expected from an optimal window layer 
thickness 
10.1 Introduction 
Gao 5ІП0 5P has a direct bandgap of approximately 1 9 eV and is lattice matched to 
GaAs or Ge substrates This makes it an interesting candidate for a two junction 
two terminal tandem cell with a GaAs bottom cell and a maximum theoretical 
efficiency of 34% (AMI 5) [1] Substantial research has already been performed 
for η on ρ Gao 5ІП0 5P solar cells [2 4] which resulted in an efficiency of 29 5% for 
the two terminal Gao 5ІП0 sP/GaAs tandem [5] In contrast to this, only limited 
work has been done on the ρ on η cell configuration [6,7] 
For MOCVD grown cells a ρ on η cell design has in principle the advantage 
that higher minority carrier lifetimes in the emitter can be obtained than for an η 
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on ρ design1 Therefor«4 a better spectral response on the blue side of the spectrum 
would be expected for a ρ on η cell design. This is essential for a high bandgap 
material which collects the high energy photons. A second advantage of a ρ on n 
(ido 5I110 5P cell design is possibly a better radiation resistance For InP cells it 
is well known that the radiation resistance of ρ on η cells is better than that of η 
on ρ cells Λ similar behaviour is expected for Gao 5ІП0 5P 
As shown recently by Wojtczuk [7], the main problem for ρ on η Gao 5ІП0 5P 
cells is the choice of a suitable window. The window should have a low optical ab­
sorption coefficient and should exhibit a low interface recombination velocity with 
Gao 5ІП0 5Ρ Furthermore it should be possible to dope the window material high 
enough (10 1 8 c m - 3 ) to prevent series resistance effects. Alo ssGao 15AS which is 
used as a window for GaAs solar cells, has a high interface-recombination velocity 
in combination with Gao 5ІП0 5P (S S> Ю 4 cm/s) [8]. Therefore the use of an 
Alo яб^ао i5As window on a Gao 5I110 5P solar cell leads to low efficiencies [6,7] 
We investigated three materials as window for ρ on η Gao 5ІП0 5P solar cells. 
Alo 5ІП0 5P (Eg = 2 4eV) was chosen because it has low optical absorption 
due to the high and indirect bandgap. The quaternary (Alo sGao 5)0 5ІП0 5P 
(Kg = 2.1 eV) was investigated because it can be doped higher with zinc than 
Aln 5ІП0 5Ρ and thus has a better conductivity Disordered (d) Gao 5ІП0 5P with 
a bandgap of 1.92 eV seemed to be a promising candidate because is has the 
lowest interface recombination with Gao 5ІП0 5P [8]. The Gao 5ІП0 5P of the emit­
ter is slightly ordered (o) and has a bandgap of 1.84 eV. A similar structure of 
d-o G a 0 5ІП0 5P is used as back surface field in η on ρ solar cells [9]. For the 
three different materials the effect of optical absorption on cell performance was 
determined by calculation of quantum efficiency and short circuit current. Inter­
face recombination with Gao 5ІП0 5P and maximum p-dopmg concentration were 
measured and finally complete solar cell devices were evaluated 
10.2 Experimental 
10.2.1 MOCVD growth and characterization 
The materials were grown in a commercially available low pressure MOCVD 
reactor Trimethylgalhum, trimethylaluminium and solution trimethylindium 
(TMI) were used as group III precursors. To keep the vapour pressure of the 
TMI constant an ultrasonic concentration sensor with feedback to the TMI flow 
controller was used. Arsine (100%) and Phosphine (100%) were used as group 
1
 P-type dopants for MOCVD have a rather high volatility which gives a long lasting p-type 
background concentration in the gas phase. For n-GaAs (10 1 7 c m - 3 ) the bulk minority carrier 
lifetime decreases significantly when a p-type GaAs layer is grown before the η-type layer. For 
η on ρ cells this causes a lowering of the bulk lifetime in the η-type emitter. The equivalent 
problem caused by η-type dopants is not significant. 
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Figure 10.1: Schematic drawing of basic solar cell structure. Thick­
nesses are in μτη, doping concentrations in c m - ? The window consists 
of Alo.5Ino.5P, (Alo
 5Gao.5)o.5Ino.5P or Ga0.5lno.5P(d). Carrier concen­
trations of the window materials are given in table 10.1. 
V sources. Disilane (50 ppm in N2) was used as η-type dopant and diethyl zinc 
as p-type dopant. The reactor pressure was kept at 20 mbar. A V/III ratio 
of 400 was used for phosphorous compounds and 125 for arsenic compounds. 
Growth temperature of the GaAs and Gao 5ІП0 5P was 640 °C. Alo.5Ino.5P and 
(AIo.eGao 5)0 5ІП0.5Р were grown at 720°C. Growth rates were 2 //m/tir. 
Composition and lattice matching of the layers were measured by X-ray dif­
fraction and photoluminescencc. All layers were grown lattice matched within 
(Да/ас) = З х І О - 4 Electrical data were obtained by Hall van der Pauw meas­
urements. Typical η-type background concentration for Gao 5ІП0 5Ρ was below 
10 1 5 c m - ? Minority carrier lifetimes were measured by time resolved photolumi­
nescence on DH structures. To determine the bulk lifetime and interface recom­
bination series of four samples with different thicknesses of the active layer were 
grown (0.2 μτη up to 2 μιτι). 
10.2.2 Cell structure, processing, measurement 
The basic solar cell structure is drawn in figure 10.1. On the GaAs substrate a thin 
GaAs buffer layer was grown followed by an Alo.ioGao 40ІП0 5P back surface field. 
The 1 /im thick active Ga
u
 5ІП0 5P p-η junction is capped by a 30 nm window and 
a 400 nm GaAs contacting layer. After MOCVD growth contacts were made by 
e-beam evaporation and standard photolithography techniques. The front contact 
covers 4.3% of the total cell area. A mesa etch was performed to define the area 
Chapter 10 
of the solar cells as exactly lx l c m 2 Finally a two layer MgF2/ZnS anti-reflection 
coating was evaporated. Solar cell I-V curve was measured using a stabilized 
halogen lamp and a calibrated reference cell. 
10.3 Results and discussion 
10.3.1 Calculated quantum efficiency 
The internal quantum efficiency (excluding reflection) of the different cells is cal­
culated with the model of Hovel [10]. Front and back surface recombination arc 
included. As input the thicknesses and doping levels of the basic cell (figure 101) 
are used in combination with measured diffusionlengths (see section 10.3.2). The 
incident spectrum is an AM1.5G spectrum (1000 W / m 2 ) . Absorption data for the 
different (Al
x
Ga(i_
x
))o 5ІП0 5P materials are calculated from the pseudo dielectric 
functions taken from [ll] 2. It is assumed that all carriers which are generated in 
the window layer recombine at the nearby (bare) front surface. 
Table 10.1: Maximal p-type free carrier concentration ρ and interface 
recombination S with Gao 5I110.5P f° r Alo 5ІП0.5Р, (Al 0 eGao 5)0 5ІП0 5P 
and G a
n
 5ІП0 sP(d). 
Material ρ S 
( c m - 3 ) (cm/s) 
АІ05ІП05Р 2 x l 0 1 7 85 
( A l o s G a o s b s I n o s P b d O 1 8 6 
G a o s I n o s P 4 x l 0 1 8 < 2 
Figure 10.2 shows the calculated quantum efficiency curves. The onset of 
collection (674 11m) corresponds with the bandgap of the Gao 5ІП0 5P solar cell 
material. On the high energy side collection falls off due to absorption in the 30 
nm thick window. The onset of this drop corresponds approximately with the 
bandgap of the window materials (Alo s ln 0 5P = 520 nm, (Alo sGao 5)0 5ІП0 5P = 
590 nm and Gao 5ІП0 sP(d) = 650 nm). The maximum collection in the case of 
Alo 5I110 5P and (Alo sGao 5)0 5ІП0 5P ' s somewhat lower than one due to the use 
of realistic diffusion lengths. 
For the calculations presented in this chapter original data as provided by the author was used. 
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Figure 10.2: Calculated internal quantum efficiency for Gao.5Ino.5P solar 
cell with Alo.5Ino.5P, (Alo
 5Ga0.5)o.5lno 5P and Ga 0 5 Ino.5P(d) window 
layers. Window layer thickness is 30 nm. 
It is clear from figure 10.2 that in the case of the Gao 5I110.5P (d) window 
absorption and carrier loss starts nearly immediately above the bandgap of the 
Gao 5ІП0 5P (о) solar cell material and the lowest collection is obtained. In the case 
of Alo 5ІП0.5Р the best collection is obtained due to the high and indirect bandgap. 
(Alo.5Gao.5)o.5lno.5P falls in between these two materials. The total short circuit 
current calculated for the cell with АІ0.5ІП0.5Р window is 14.6 mA/cm 2 which is 
89% of the maximal obtainable value. For (Alo sGao.sJo 5ІП0 5P this lowers to 
13.0 mA/cm 2 (79%) and for Gao.5Ino.5P to 11.9 mA/cm 2 (72%). 
10.3.2 Interface recombination, maximal p-doping concen­
tration 
The bulk minority carrier lifetime of intrinsic Gao
 5 I n 0 5P is 1.5 μβ. For n-type 
Gao 5ІП0 5P doped to l x l 0 1 7 c m - 3 a lifetime of 10 ns was measured. The bulk 
lifetime of p-type Gao 5ІП0 5P doped to 6 x l 0 1 7 c m - 3 was below the detection 
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Figure 10.3: Measured external quantum efficiency for Gao 5ІП0 5P solar 
cells with Alo.5Ino.5P, (Alo.5Gao.5)o.5lno.5P and Gao 5lno.sP(d) window 
layers. 
limit (1 ns). In table 10.1 the obtained p-type carrier concentration and the 
interface recombination with Gao 5ІП0
 5 P ( o ) ( E g — 1.84 eV) is given for the three 
different window materials. Interface recombination is determined from intrinsic 
DH structures. 
From the data of table 10.1 we can conclude that an increase of the alumi­
nium percentage in (Al
x
Ga(!_
x
))o 5ІП0.5Р lowers the free carrier concentration 
and increases the interface recombination. All interface recombination velocities 
are extremely low and pose no limit on the solar cell efficiency. 
10.3.3 Device performance 
The measured external quantum efficiency of the different solar cells is plotted 
in figure 10.3. It is obvious that collection in the cells with the 30 nm windows 
is still relatively poor. Although a sharp rise of the collection just above the 
bandgap is observed it levels off already at 0.6 μτη and steadily decreases for 
shorter wavelengths. Differences in collection due to absorption of the window 
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(as calculated in figure 10 2) are present, but the flat plateau around 600 uni is 
not clearly observed Furthermore differences on the blue side of the spectrum 
(300 - 450 nm) can not be explained by differences in the optical gap of the window 
layers The collection curves observed are in fact typical for a cell with a high 
front surface recombination velocity 
In the case of the Gao 5ІП0 sP(d) window the measured curve can be fitted 
completely with a front surface recombination of lx lO 7 cm/s and a front surface 
reflection (caused by reflection and shading) of 11% For the other cells the 
recombination velocity is in the order of 105 to 106 cm/s A recombination velocity 
of the order 107 cm/s is normally observed for bare surfaces Such high values are 
not expected for the window emitter interface The fact that the material with 
the lowest conduction band offset between emitter and window (Gao 5ІП0 5P (d)) 
exhibits the highest surface recombination, is an indication that minority carriers 
from the emitter recombme at the bare front surface of the window layer 
The high front surface recombination can be explained in two ways The first 
possibility is that minority carriers from the emitter overcome the energy barrier 
of the emitter-window conduction band offset by thermal excitation The second 
possibility is that at the bare surface pinning of the Fermi level occurs low in the 
bandgap and carriers can tunnel through the window barrier to the front surface 
As a rule of thumb pinning of the Fermi level takes place on 1/3 of the bandgap 
above the valence band for p-type material (2/3 for η-type) This pinning of the 
Fermi level causes a strong downward bending of the band, which means that the 
effective barrier thickness of the window layer is strongly decreased 
Table 10 2 I-V Solar cell parameters for G a o s I n o s P cells with 
(Al
x
Ga(i_
x
))o 5ІП0 5P windows measured under AMI 5 
Window V
o c
 J 5 C F F 77 
V mA/cm 2 % 
30 nm G a l n P 1 372 4 86 0 838 5 6 
30 nm AlGalnP 1 303 8 44 0 785 8 6 
30 nm AllnP 1 407 9 27 0 851 111 
300 nm AllnP 1 420 10 64 0 844 12 8 
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Figure 10.4: Measured I-V curve for Gao.5Ino.5P solar cell with 300 nm 
thick Alo 5ІП0.5Р window. 
If the minority carrier current through the window layer is determined by 
thermal excitation, the thickness of the window layer will not strongly influence 
this current. It is expected that mainly the height of the conduction band offset 
determines this current and therefore the collection. However in the case of a 
tunnel current an increase of the thickness of the window increases the effective 
barrier thickness and therefore reduces the tunnel current. To differ between these 
two explanations an additional structure was grown with an Alo.5Ino.5P window 
layer which was 300 nm thick. In figure 10.3 also the results of this experiment 
are indicated. Indeed in the case of the thick window layer a plateau around 600 
nm is clearly observed. This plateau can be well fitted with the actual lifetimes 
and 11% total reflection. Above the bandgap of the Alo.5Ino.5P the decrease in 
collection is not so abrupt as expected from the calculated absorption in the 300 
nm thick window layer. This means that part of the carriers generated in the 300 
nm thick Alo 5ІП0.5Р window layer are still collected. 
These results show that carrier collection and short circuit current of the ρ 
on η G a 0 5ІП0 5P solar cells are mainly limited by front surface recombination. 
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Minority carriers from the emitter are lost by tunnelling through the window 
layer and subsequent recombination at the bare front surface In the case of an 
Alo sino 5P window not only the barrier thickness is reduced by pinning but also 
the barrier height is reduced by the low maximal doping concentration 
Finally complete solar cell data of the measured devices are given in table 10 2 
The best result until now is obtained with an Gao 5ІП0 5P solar cell with 300 nm 
thick Alo 5ІП0 5P window The I-V curve of this cell is given in figure 10 4 A small 
hump between 1 3 V and 1 4 V can be observed in the I-V This is not an accidental 
error due to the measurement but is caused by the addition of the Gao 5ІП0 5P p-n 
homojunction and the р+-А1о 5ІП0 sP/p-Gao 5ІП0 5P heterojunction (see also [7]) 
Further improvement of this structure is expected from an optimal thickness of 
the Alo 5ІП0 5P window 
10.4 Conclusion 
In this chapter wc presented the results of ρ on η Gao 5ІП0 5P solar cells with 
(Al
x
Ga( 1 _ x ))o 5ІП0 5P windows Based on the calculated quantum efficiency it was 
shown that an Alo 5ІП0 5P window leads to the lowest optical absorption and the 
highest short circuit current However the maximal ρ type doping concentration 
for Alo 5ІП0 5P is a factor ten lower than needed Measured quantum efficiency 
curves of solar cells show that the short wavelength response is dominated by 
surface recombination It was demonstrated that this is caused by minority carrier 
tunnelling from the emitter of the solar cell through the window layer to the bare 
front surface The tunnel current is caused by lowering of the band due to pinning 
of the Fermi level at the front surface In the case of the Alo 5ІП0 5P window the 
too low p-type doping lowers the conduction band which further enhances the 
tunnel current The best result obtained until now was a solar cell efficiency of 
12 8% for a ρ on η Gao 5ІП0 5P solar cell with a 300 nm thick Alo 5ІП0 5P window 
Further improvement is expected from an optimal thickness of the АІ05ІП05Р 
window layer 
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Ρ ON N GaInP 2 SOLAR CELLS 
GROWN ON (511)A ORIENTED GaAs 
Abstract 
Efficiency of current ρ on η Ga0 5ІП0 5 P solar cells is much lower than that of η 
on ρ cells due to the low free earner concentration that can be obtained in the 
p-Alo ¡Ino 5P window By use of (511)A GaAs substrates zinc doping incorpora-
tion ¡n Gao 5ІП0 sP and AIQ 5-ί"ο ьР and zinc electrical activity m Alo 5^"о 5-Ρ 
are greatly enhanced compared to growth on (100) 2° [110] substrates The 
maximum free carrier concentration m Alo 5ІП0 5P is increased with a factor 
five to 1 l x l 0 1 8 c m ~ 3 As a consequence, the short circuit current of ρ on η 
Gao 5ІП0 ΐ,Ρ cells grown on (511)A improved 15% relative compared to cells grown 
on (100) 2° [110] substrates A total area efficiency of 14 9% is obtained Further 
improvement of ρ on η Gao 5/no 5 Ρ cells is possible by optimization of the zinc 
diffusion proñle m the top of the solar cell For the ρ on η Gao ьіпо 5 Ρ /GaAs 
two junction tandem solar cell an efficiency which equals that of the current best 
η on ρ tandem is foreseen 
11.1 Introduction 
Monolithic two junction Gao 5ІП0 sP/GaAs solar cells have obtained very high 
conversion efficiencies (AMO 25 7%, AMI 5G 29 5%), values which are compar­
able to the best efficiencies obtained for any material combination [1,2] This, 
together with the excellent radiation resistance of these cells [3], makes them 
ideally suited for space and terrestrial concentrator applications It is therefore 
not surprising that recently a number of companies have started development and 
production of the Gao 5ІП0 sP/GaAs tandem solar cell [4 - 6] 
The high efficiencies reported for the Gao 5ІП0 sP/GaAs solar cell are all ob­
tained with an η on ρ structure (p-substrate) However, most GaAs (bottom) 
cells are of the ρ on η type (n-substrate) [7, 8] and therefore it is desirable to 
develop also a ρ on η Gao 5ІП0 5P (top) cell In addition, the radiation resis­
tance of ρ on η Gao 5ІП0 5P cells could be better than that of η on ρ devices For 
G a 0 5ІП0 sP/GaAs solar cells grown on cheap germanium substrates it is expected 
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that the ρ on η cell structure facilitates formation of an inactive interface with 
the substrato [9] In spite of some recent efforts reported efficiencies for ρ on η 
Cao jliio 5P soldr c< lis [9-11] are still much lower than efficiencies for the η on ρ 
device 
The efficiency of current ρ on η cells is limited by the maximum free carrier 
concentration which can be attained in the ρ doped Alo 5ІП0 5P window layer 
On (100) oriented GaAs substrates the maximum free carrier concentration in 
zinc doped AI0 5I110 5P grown by MOVPE is 2 х Ю
1 7
с і т Г
3
 [10,12] which is an 
order of magnitude lower than the desired value ( 2 x l 0 1 8 c m - 3 ) The low carrier 
concentration in the window increases the series resistance and decreases the 
barrier for minority carriers from the emitter The effect of a series resistance 
is observed as a low fill factor [11] and the barrier effect is observed as a decrease 
of the quantum efficiency in the blue part of the spectrum, which lowers the short 
circuit current [10] It was previously demonstrated by the authors that the barrier 
effect can be overcome by the use of a 300 nm thick АІ05ІП05Р window [10] 
However, an important part of the incident light is lost due to absorption and 
subsequent recombination in the thick Al0 5ІП0 5P window Therefore the only 
solution is to increase the free carrier concentration of the p-Alo 5ІП0 5P window 
layer 
High hole concentrations in Alo 5ІП0 5P (up to 3 5 x l 0 1 8 c m - 3 ) were achieved 
by MBE with beryllium doping [13,14] However, compared with MOVPE, MBE 
is less suited for a high volume production of large area devices like solar cells 
For MOVPE, it was reported that hole concentrations up to l x l 0 1 8 c m ~ 3 could 
be obtained in Alo 5ІП0 5P by the use of biscyclopentadienyl magnesium (Cp2Mg) 
instead of the conventional p-dopants dimethyl- or diethyl zinc [15] We found that 
magnesium doping is very difficult to control, due to a strong non-linear incorpora­
tion behaviour and a dopant delay which depends on growth conditions These 
findings agree with the results of Nishikawa [16] and Kondo [17] In addition, 
magnesium doping presents strong memory effects and increases the background 
levels of the MOVPE system 
In the present study, the zinc incorporation behaviour in Gao 5ІП0 5P and 
АІ05ІП05Р grown on (511)A oriented GaAs substrates is investigated It will 
be shown that hole concentrations in G a 0 5ІП0 sP and Alo 5ІП0 5P are greatly en­
hanced by the use of the (511)A substrate orientation The maximum hole con­
centration achieved for Alo 5ІП0 5P grown on (511)A was 1 l x l 0 1 8 c m - 3 Due to 
the fivefold increase of hole concentration in the Al0 5ІП0 5P window the efficiency 
of ρ on η Gao 5ІП0 5P solar cells could be greatly improved 
11.2 Experimental 
Epitaxial test structures and solar cells were grown in a low pressure metal organic 
vapour phase epitaxy (MOVPE) reactor Arsine (АэНз, 100%) and phosphine 
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(РНз, 100%) were used as group V source gasses Tnmethyl gallium (TMGa), 
tnmethyl aluminium (TMA1) and tnmethyl indium (TMIn) were used as group 
III precursors The TMIn vapour concentration was kept constant with an Epison 
ultrasonic concentration sensor and feed-back to the TMIn massflow controller 
Diethyl zinc (DEZn, at 32°C, pg, = 16 7mbar) and disilane (S i 2 H 6 , 1000 ppm in 
N2 for (100) substrates, 50 ppm in N2 for (511)A substrates) were used for p-type 
and η-type doping, respectively Epilayers were grown at a reactor pressure of 20 
mbar and a total gas flow of 7000 seem The total group III flow was kept constant 
at 1 05 seem and the V/III ratio was 125 for arsenic compounds and 400 for 
phosphide compounds Because of the reported influence of cooling atmosphere on 
carrier concentration [18,19], samples were cooled down under hydrogen from the 
growth temperature to room temperature, unless otherwise stated The growth 
temperature was set between 640 °C and 720 °C For these growth conditions 
the resulting growth rate was 1 7 μπτι/hr Growth was performed on η-doped and 
semi-insulating GaAs wafers (100), 2 degrees misonented towards [110] and on 
(511)A oriented substrates which is (100) 15 8 degrees off towards [111] 
It has been shown by several researchers that oxygen incorporation in p-doped 
Alo 5ІП0 5 Ρ strongly influences the free hole concentration [20 - 22] Therefore care 
was taken to decrease the oxygen and moisture concentration during growth as 
much as possible The source gasses arsine and phosphine were purified by in line 
Millipore filters which reduce oxygen and moisture concentrations from circa 1 
ppm to below 100 ppb The TMA used for this study was of a low alkoxv grade 
Finally, the oxygen and moisture concentration were measured at the downstream 
side of the reactor Both concentrations were typically 30 ppb 
The lattice mismatch of all epilayers was |Да/ао | < З х І О - 4 , as determined by 
double crystal X-ray diffraction Free earner concentrations were determined by 
Hall van der Pauw measurements Hall structures consisted of a semi-insulating 
substrate followed by a 0 5 μτη thick intrinsic (n < 10 1 4 c m - 3 ) GaAs buffer layer, 
a 0 1 0 5 μιτι intrinsic Gao 5ІП0 5P or Alo 5ІП0 5P layer and a p-doped Gao 5ІП0 5P 
or Alo 5ІП0 5P layer of at least 1 μτη thick Carrier concentration depth profiles 
were obtained by capacitance-voltage profiling 
The ρ on η solar cell structure used in this study is indicated in figure 111 It 
consists of a 2 μιη thick GaAs buffer layer followed by a 0 2 μτη Alo íGao 4ІП0 5Ρ 
back surface field The n-doped Gao 5ІП0 5P base was either 0 7 or 3 7 μιη thick 
The 0 3 μπι thick p-Gao 5ІП0 5P emitter was capped by a 30 nm thick Alo sino ъ^ 
window and a 0 3 μτη thick highly p-doped GaAs contact layer After MOVPE, 
contacts were made by e-bcam evaporation and standard photolithography tech­
niques The front contact covered 3 5% of the total cell area A mesa etch was 
performed to define the area of the cells as exactly l x l cm 2 Finally the GaAs cap 
was removed between the contact grid and a two layer MgF2/ZnS anti-reflection 
coating was evaporated Solar cell current-voltage curves were measured by illu­
mination with a stabilized halogen lamp and correction with a calibrated reference 
cell The reference cell was calibrated for an AMI 5G spectrum at the Fraunhofer 
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Figure 11.1: Schematic drawing of ρ on η Gao 5ІП0
 5 P solar cell struc­
ture. The carrier concentration in the Alo.5Ino.5P window depends on 
substrate orientation: 
(511)A. 
2 x l 0 1 7 c m - 3 for (100) 2° [ПО], 1х10 1 8 сггГ 3 for 
Institute in Freiburg. The estimated error in solar cell efficiency is less than 0.2% 
(absolute). Quantum efficiencies were measured at the Fraunhofer Institute. 
11.3 Results and Discussion 
11.3.1 Zinc d o p i n g of Garj.sInnsP a n d Alrj.5Inrj.5P 
The free hole concentration of Gao.5Ino.5P and Alo.5Ino.5P as a function of 
the DEZn flow in the reactor is given in figure 11.2. The growth temperature 
of G a 0 5 I n 0 5P and Alo 5ІП0 5 P is 640 °C and 720 °C, respectively. The free hole 
concentration in Gao.5Ino.5P grown on (511)A is ten times higher than that of 
G a 0 5ІП0 5P grown on (100) 2° [110], for the same DEZn flow in the gas phase. On 
the other hand, the difference in free carrier concentration for Alo.5Inn.5P is only 
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Figure 11.2: Free carrier concentration as a function of DEZn flow for 
Gao 5ІП0 5P and Alo.5Ino.5P grown on (100), 2 degrees off towards [110] 
and (511)A, respectively. Gao 5ІП0 5P is grown at 640°C and АІ0.5ІП0.5Р 
is grown at 720 °C. 
a factor four for both substrate orientations and the free carrier concentration is 
considerably lower than for Gao 5ІП0 5P. 
The difference in free carrier concentration for the two substrate orientations 
is attributed to a difference in zinc incorporation. A zinc atom which is adsorbed 
on a III V surface will easily desorb [23]. However, after incorporation at a 
kink side, it may be considered part of the bulk crystal and desorption becomes 
unlikely. Therefore, if the number of steps increases and the kink density per step 
is constant, the zinc incorporation chance increases. In the extreme case, if surface 
diffusion of zinc is neglected and the zinc desorption velocity is much faster than 
the step velocity, the number of incorporated zinc atoms is proportional to the 
number of steps on the surface or, inversely proportional to the terrace width. 
The mean terrace width for mono atomic layer steps is 80 A for the (100) 2° [110] 
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orientation and 10 À for the C)11)A orientation ((100) 15 8° [111]) Hence, on 
the basis of this simple step density model, the predicted (maximum) difference 
in zinc incorporation is a factor eight for the two substrate orientations 
For Gan 5ІП0 5P the observed difference in zinc incorporation (factor 10) ex­
ceeds the maximum difference calculated for the step density model (factor 8) 
Therefore a difference in step density is not the only factor involved A first pos­
sibility is that the zinc electrical activity is not the same for the two substrate 
orientations However, for Gao І^По sP this fact would be in contrast to literat­
ure results (see e g [12]) A second possible explanation is that the zinc surface 
diffusion mobility is highly anisotropic, due to the orientation dependent recon­
struction of the arsenic dangling bonds on the (100) surface1 In this case the zinc 
surface diffusion mobility should be faster along [011] than along [01Ï]2 A third 
explanation is based on the difference in dangling bond configuration of [011] and 
[011] steps This model was first proposed by Asai to explain anisotropic lateral 
growth velocities [25] A zinc atom is bound with three bonds in case of incorp-
oration at a [Oil] step, but only with two bonds in case of a [01Ï] step Since a 
zinc atom at a [01Î] step is relatively weakly bonded, it may desorb more easily 
than at a [011] step This implies that zinc incorporation for a surface with [011] 
steps is higher then for a surface with [011] steps A surface with [010] or [001] 
steps is considered to have alternating [011] and [011] steps and the incorporation 
behaviour is 111 between the [011] and [011] case On basis of current results, 
it is not possible to discriminate between an isotropic surface diffusion and step 
orientation dependent incorporation 
For Alo 5ІП0 5P the observed difference in free carrier concentration is much 
smaller than for G a o s I n o s P and also the difference for the two substrate ori­
entations is smaller Although we did not measure the total zinc concentration 
directly (e g with S I M S ) , figure 112 suggests that zinc is less easily incorporat­
ed in Alo 5I110 oP than in Gao 5ІП0 5P This effect is not only caused by the higher 
growth temperature of А1
ц
 5ІП0 5P compared to Gao 5ІП0 5P The free carrier 
concentration in Alo 5ІП0 5P sis a function of growth temperature for a constant 
DEZ11 flow, is indicated in figure 113 The free carrier concentration reaches a 
maximum at a growth temperature of 680 °C For higher growth temperatures 
the free carrier concentration slowly falls off, probably due to zinc evaporation 
from the surface For lower growth temperatures the free carrier concentration 
drops rapidly The same effect was reported by Suzuki, who found that the zinc 
electrical activity in Alo 5I110 ^Р was reduced, especially for lower growth temper­
atures, due to passivation or compensation with incorporated oxygen [12] For 
growth of Al
x
Ga(i_
x
)As it was reported that a decrease in growth temperature 
1
 As2 cimier bonds, are oriented along (lie [Oil] direction 
Differences in zinc incorporation have also been observed for (100) substrates with other mison-
entadons and angles [24] Therefore an explanation based on different surface reconstructions 
for the (100) 2° [110] and (511)A surface does not suffice 
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Figure 11.3: Free carrier concentration of Alo 5ІП0 5P as a function of 
growth temperature. All samples were grown with the same DEZn flow 
of 7 seem. 
increases the oxygen incorporation [28,29]. Suzuki also found that passivation 
with oxygen for the (100) orientation was relatively stronger than for the (511)A 
orientation. Therefore, for Alo.5Ino.5P, the lower free carrier concentration and 
the difference between the two substrate orientations is caused by a lower zinc 
incorporation and by passivation of zinc due to incorporated oxygen. 
For Сао.бІПо 5P a saturation level is observed for circa 3 x l 0 1 8 c m ~ 3 . It is 
similar to the saturation levels reported for (Alo.7Ga0 3 5ІП0.5Р ( 2 x l 0 1 8 c m ~ 3 ) 
[26] and for InP 4 x l 0 1 8 c m ~ 3 [27]. The reason for the saturation is not clear at 
this time. Logan et al. explained it by assuming that zinc incorporates only at 
defect sites (e.g. kink sites) in the step, where it is stronger bonded than at a 
regular step site [27]. Since the number of defect sites is limited, the amount of 
incorporated zinc atoms is also limited. Although this model is appealing for a 
[Oil] step, it fails for the [Oil] step because a zinc atom is already bonded by 
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three bonds al a regular [Oil] step site An alternative explanation could be the 
formation of 7пзРо m the gas phase for DEZn concentrations above a critical 
value. This would lead to a limited zinc surface concentration and a saturation 
level which depends on step orientation and surface diffusion. 
The highest free carrier concentration which we obtained for Alo 5Іпо 5? was 
1 lx lO 1 8 , for growth on a (511)A substrate at a growth temperature of 680 °C. 
This value presents a fivefold increase in free carrier concentration compared to 
previous results obtained for growth on (100) substrates. Although we have taken 
great care to minimize the oxygen and moisture concentration, current results 
indicate that the free carrier concentration of p-type Alo 5ІП0 5Ρ is still determined 
by the residual amount of incorporated oxygen 
11.3.2 Ρ on η solar cells 
Ρ on η Cao 5ІП0 5P solar cells grown on (511)A GaAs show an unproved per­
formance with respect to cells grown on (100) 2° [110]. In table 11 1 the solar 
cell parameters of typical cells are compared and figure 114 displays the corres­
ponding current-voltage behaviours. The improvement for cells grown on (511)A 
comes mainly from the short-circuit current, which increases 15% relative This 
is caused by an increased barrier effect between the p-Alo 5ІП0 5P window and the 
p-Gao 5ІП0 ΊΡ emitter due to the fivefold increase in electrical active zinc concen­
tration 111 the window The increased barrier reduces the carrier escape to the 
bare window (front) surface and thereby decreases the loss due to surface recom­
bination We have previously shown that this factor limits the efficiency of ρ on 
η G a 0 5 I n 0 5P solar cells grown on (100) 2° [110] GaAs [10]. 
As a consequence of the increased carrier collection, open circuit voltages for 
cells grown on (511)A are slightly higher than for cells grown on (100) 2° [110]. 
Table 11 1 Solar cell parameters for Gao 5ІП0 5P cells (AMI 5x1) The 
total area for each cell is 1 era2 Values marked with an * were deter­
mined by the Fraunhofer Institute 
Substrate Base thickness V
o c
 J
s c
 F.F η 
(//m) (V) (mA/cm 2 ) % 
(100) 2° [110] 0.7/un 1 4 0 7 * 9 2 7 ' 0 8 5 1 " 11 .1* 
(511)A 0 7 ¿im 1.419* 10 8 8 * 0.830* 12 8 " 
(511)A 3 7/ЛП 1.441 12 3 5 * 0.840 14 9 
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Figure 11.4: Current-voltage curves for Gao.slno 5P solar cells grown on 
(511)A and (100) 2° [110] GaAs substrates. 
Open circuit voltages for the current ρ on η cells grown on (511)A are higher 
than reported open circuit voltages of η on ρ cells [1,6,30]. Typical fill factors 
for all ρ on η cells are somewhat lower than the optimum value (0.87). They are, 
however, comparable to the fill factor of our ρ on η GaAs cells, which is limited 
by the series resistance loss in the (patterned) front contact. 
The differences in short circuit currents are demonstrated by the quantum 
efficiency curves as indicated in figure 11.5. The carrier collection of the (511)A 
cells is for all wavelengths higher than for the (100) 2° [110] cell. In addition, it 
is found that an increase of base thickness from 0.7 μπι to 3.7 μνη increases the 
quantum efficiencies for all wavelengths. This is a bit surprising, since it is expect­
ed that only the collection in the base (longer wavelengths) should improve. It 
is, however, a reproducible effect which has been found for other base thicknesses 
as well. We suggest that it may be caused by radiative recombination followed 
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Figure 11.5: External quantum efficiency curves for Gao.5Ino.5P solar 
cells grown on (511)A and (100) 2° [110] GaAs substrates. 
by photon recycling which causes an increase in the effective penetration depth 
of the incident photons. 
A comparison between the quantum efficiency of the best cell and a simulation, 
using only the diffusion lengths of the minority carriers in base and emitter as fit 
parameters, is shown in figure 11.6. A good fit is obtained for a base diffusion 
length of 0.9 ± 0.4 μηι and an emitter diffusion length of 0.4 ± 0.2 μιη. This 
corresponds to minority carrier lifetimes of 5 ns and 0.05 ns in base and emitter, 
respectively. Small differences between the fit and the actual quantum efficiency 
curve are found at the high energy side (325-400 nm), which is caused by slight 
variations in coating thicknesses and reflection, and at the low energy side (660-
680 11111), which is caused by uncertainty in the absorption data for Gao 5ІП0 5P 
just above the bandgap [31]. 
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Figure 11.6: Comparison between model and measured external quan­
tum efficiency curve for Gao 5I110 5P solar cell. Indicated are the typical 
reflectance (R) for a coated cell and contributions to the quantum effi­
ciency from the diffusion area in the emitter (p), from the diffusion area 
in the base (n) and from the depletion area. 
The remarkable short lifetime for the p-Gao.5Ino.5P emitter is probably caused 
by an unintended carrier concentration profile in the emitter. Figure 11.7 shows 
a carrier-concentration versus depth profile of a test structure grown on (511 )A 
which consisted of an intrinsic Gao.5Ino.5P layer capped by a 30 nm р-Л1
и
 5ІП0 5P 
window and a 0.3 μιη thick p-GaAs cap grown in the same way as in our solar cell 
structures. A strong zinc diffusion from the cap and window layer into the intrinsic 
Са0.5ІПо 5P layer is observed. In general, we found that the carrier concentration 
in the emitter of the solar cells grown on (511 )A was completely determined 
by this diffusion effect. The typical doping level in the emitter increased from 
2 x l 0 , 8 c m ~ 3 near the depletion area to 5 x l 0 1 8 c m ~ 3 close to the window layer. 
Further improvement of the current ρ on η Gao.sino.sP solar cells should in­
clude careful optimization of the doping levels in the top layers of the solar cell 
in order to reduce the strong zinc diffusion. If the minority carrier lifetime in 
the emitter does not improve much, the emitter thickness should be reduced. 
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Figure 11.7: Carrier concentration versus depth for the p-side of a solar 
cell grown on (511)A as measured by electrochemical C-V profiling. The 
structure consists of a 1 μπι non intentionally doped Gao 5ІП0 5P layer, 
followed by a 30 nm thick Alo 5ІП0 5P window and a 0.3 μπι thick GaAs 
cap layer. 
Simulations of the quantum efficiency have shown that for the current minority 
carrier lifetime in the emitter the optimal emitter thickness is 100 nm. The cal­
culated short circuit current may improve from 12.5mA/cm 2 (300 nm emitter) 
to 14.5mA/crrr (100 nm emitter). 
11.4 Conclusion 
Replacement of the conventionally used (100) 2° [110] GaAs substrate by a (511)A 
GaAs substrate, greatly increases the zinc doping performance of MOVPE grown 
Gao.slno 5P and АІ0.5ІП0.5Р. For ρ on η Gao 5ІП0.5P solar cells with a 30 nm 
thick Alo 5ІП0 5P window an energy conversion efficiency of 15% (AMI.5x1) was 
obtained. Although this represents a major improvement over previous cells grown 
on (100) substrates, the short circuit, current of recent ρ on η Gao.5ІП0 5P cells is 
still a little too low for use in a monolithic tandem cell combination with GaAs. 
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However, the open circuit voltage and the fill factor of ρ on η Gao 5ІП0 5P cells 
grown on (511)A are excellent and there are clear possibilities for improvement 
of the short circuit current Optimization of the free carrier concentration in 
the emitter and the diffusion profile in the top of the cell will lead to an energy 
conversion efficiency of 17 % (AMI 5) for these ρ on η cells, which is as good as 
values reported for η on ρ cells and close to the theoretical limit 
In order to obtain an efficient monolithic two junction Gao 5ІП0 sP/GaAs tan­
dem cell, a short circuit current of 14 mA/cm 2 (AM 1 5) is needed and a fill fa tor 
of 0 87 should be obtained This can be achieved if the Gao 5ІП0 5P top cell is 
improved and the thickness of the patterned front contact is increased to reduce 
the Ohmic resistance loss In addition, a low loss tunnel diode needs to be de­
veloped Under these restrictions the projected efficiency of the monolithic ρ on 
η Gao 5ІП0 sP/GaAs tandem cell is 30 0% (AMI 5) The estimated open circuit 
voltage is 2 46 V, 1 42 V for the G a 0 5 I n 0 5P top cell and 1 04 V for the GaAs 
bottom cell The short circuit current will be 14 mA/cm 2 (AMI 5) and the fill 
factor 0 87 The projected efficiency of our ρ on η Gao 5ІП0 sP/GaAs tandem cell 
is comparable to the best efficiency of the current η on ρ tandem Therefore it is 
expected that, ultimately, the choice of polarity will be determined by reasons like 
radiation resistance of the cell or ease of growth on cheap germanium substrates 
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Chapter 12 
REUSE OF GaAs SUBSTRATES FOR 
EPITAXIAL LIFT-OFF III-V SOLAR 
CELLS 
Draft was published in P R Hageman, A van Geelen, R A J Thomeer, 
L J Giling, IEEE 1st World Conference on Photovoltaic Energy Conversion, 
(IEEE, New York, 1994), 1910 
Abstract 
The epitaxial lift off (ELO) method is m general considered to be very suit-
able for separation of the cpilayer from its substrate The method ¡s very gentle 
and hardly affects the substrate We present improvements on the ELO method 
which resulted in successful separation of crack free epilayers as large as two inch 
round Reuse of substrates was investigated m combination with the ELO method 
and different cleaning methods after the lift off The quality of epitaxial lift off 
epilayers grown on used substrates was determined by measurement of surface 
roughness, mobilities and minority carrier lifetimes It is demonstrated that sub-
strates can be used several times without loss of quality of the lift-off epilayer 
12.1 Introduction 
GaAs solar cells made by epitaxial lift off (ELO) form a new route for high 
efficiency, cost efficient and low weight III V solar cells [1,2] Detachment of the 
active solar cell area from the passive GaAs substrate gives a number of important 
advantages over thick III-V solar cells First, reuse of the substrate after ELO 
could lead to a significant reduction in cost of III V solar cells Secondly, the thin 
(4 μτη) GaAs solar cell is able to obtain an energy to weight ratio of 670 W/kg, 
which is at least a factor two higher than that of any other type of solar cell [3] 
Removal of the substrate leads to enhanced photon recycling [4], which increases 
the effective radiative minority carrier lifetime Finally, a higher efficiency may 
be obtained by new combinations of materials in a mechanically stacked tandem 
solar cell 
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Figure 12.1: Breakdown of module cost of III V solar cells and module 
cost as a function of the number of uses of the GaAs substrate. A. 
Main cost contributions: substrate cost, MOVPE materials and MOVPE 
equipment. B. Cost of III—V ELO solar cell modules as a function of the 
number of uses of the substrate. Also the influence of a thinner solar cell 
structure (2 /im instead of 4 μχη) is indicated (50 + thin cell). 
Based on the current cost of GaAs substrates (approximately ECU 100 for 
40x45 m m 2 ) and the data of Alsema [3] for the cost of MOVPE equipment and 
MOVPE materials it can be shown that the total GaAs module cost would de­
crease by a factor of five if the substrate could be used ten times (see figure 12.1). 
Due to the extreme selectivity of the BF-etch (Ю 6 ), the ELO process leaves the 
GaAs substrate nearly unaffected, which sets the ELO process apart from other 
etching methods. For example, in the case of thinning, the GaAs substrate is 
completely lost. On the other hand, in the C L E F T process [5] the substrate re­
mains physically intact but pieces of the epilayer are left on the substrate which 
makes substantial mechanical polishing necessary. This limits the number of uses 
severely. 
In this chapter a systematic investigation of basic material properties of GaAs 
epitaxial films grown on used GaAs substrates is presented. The relation between 
material quality of the ELO films and the number of uses of the GaAs substrate is 
investigated. The most important material property for solar cell material is the 
diffusion length of carriers (L). L can be determined from measurements of the 
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GaAs active layer (i) 
AlGaAs cladding layer (1) 
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AlGaAs release layer (i) 
GaAs buffer layer (i) 
GaAs substrate (n) 
В 
Figure 12.2. Schematic cross section of test structures which were used 
for determination of the mobility (A) and minority carrier lifetime (B). 
Structure A was grown on a semi-insulating substrate whereas В was 
grown on an η-type substrate Intrinsic or undoped layers are indicated 
with (i) 
minority carrier lifetime (r) and mobility (μ) Therefore lifetimes and mobilities 
were measured as a function of the number of uses of the GaAs substrate. In 
addition to this, roughening of the GaAs substrate was investigated in order 
to get some insight in interface sharpness. Besides these investigations some 
improvements of the ELO technique are presented which led to a considerable 
increase of the crack-free area 
12.2 Experimental 
12.2.1 MOVPE growth 
Epilayers were grown by metalorganic vapour phase epitaxy (MOVPE) at a pres­
sure of 20 mbar with А Б Н З , trimethylgalhum and tnmethylaluminium as pre­
cursors. S12H6 was used as η-type dopant The structures were grown on (100) 2° 
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off towards (110) GaAs substrates. Two types of structures were grown, one for 
measurement of the minority carrier lifetime (on n-GaAs substrate) and one for 
measurement of the (Hall) mobility (on semi-insulating GaAs substrate). Both 
structures are depicted in figure 12.2. For measurement of the lifetime a double 
heterostructure of intrinsic layers was grown on top of a GaAs layer (to protect 
the Alo 2Gao eAs cladding layer for the HF etch) and a 50 nm Alo.85Gao.15As 
release layer. For measurement of the Hall mobility a single GaAs layer, doped 
η-type 2 x l 0 1 8 c m - ^ was grown on top of the Alo ssGao isAs release layer. In both 
structures the active layer thickness was 1.0 μτη. 
12.2.2 Characterization 
The carrier concentration and (Hall) mobility were determined with Hall-van 
der Pauw measurements. The minority-charge carrier lifetimes were measured 
with time resolved photoluminescence by using the time-correlated single photon 
counting technique [6] at low-level excitation levels. The surface roughness of 
GaAs substrates was determined with a commercial two dimensional optical step 
profiler [7] which has a height resolution of circa 2 nm. 
12.2.3 ELO procedure 
The ELO method, as previously developed [1], was used to separate epilayers from 
their substrates. In short, the A1Q ssGao isAs release layer was etched selectively 
release 
layer 
wax | 
substrate 
k device 
point of 
suspension 
» 
f o i l 4 ^ 
weight J \ 
Figure 12.3: Schematic drawing of construction for the ELO process. 
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Table 12 1 Cleaning methods for regrowth on used GaAs substrates 
Method 1 Method 2 Method 3 
tnchloroethylene 
acetone 
isopropanol 
nanopure water 
10% HCl in water 
nanopure water 
tnchloroethylene 
acetone 
isopropanol 
nanopure water 
2 1 10° 
nanopure water 
10% HCl in water 
nanopure water 
tnchloroethylene 
acetone 
isopropanol 
nanopure water 
1 1 bb 
nanopure water 
10% HCl in water 
nanopure water 
°2 1 1 0 N H 4 O H H 2 O 2 н 2 о 
b l 1 5 H3PO4 H2O2 CH3OH 
away with 10% HF in water at room temperature A temporary support in the 
form of a flexible plastic foil together with Apiezon wax was used to release the 
layer from the substrate (see figure 12 3) The flexible foil in combination with 
other improvements as discussed in section 12 3 1, made it possible to obtain 
large GaAs films without cracks (38x42 m m 2 ) , in contrast to earlier reports which 
mention crack free areas of only a view square m m 2 [8] 
After separation of the films from their substrates three methods were used to 
prepare the substrates for growth of a new epilayer An overview of the methods 
is given in table 12 1 The first method consists of a cleaning procedure as used 
for new substrates This method removes only the GaAs surface oxide layer The 
second method etches slightly the GaAs substrate with a polishing апппоша-
peroxide etch The etch velocity is 1 0 μΓη/min and before each use either 0 2 μιτι 
(first series) or 2 0 μιτι (second series) GaAs was removed from the substrate The 
third method is similar to the second, in this case an etchant based on phosphoric 
acid was used The etch rate of this etchant is 1 0 μιτι/Γηιη and per use 2 0 /mi 
of the substrate was removed 
12.3 Results and discussion 
12.3.1 ELO procedure 
The earlier developed ELO process in our laboratory resulted in free-standing 
epitaxial films with a crack-free area of typically 5x20 m m 2 [1] This is large 
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enough for .small area devices like lasers or mesfets [9], however for solar cells 
the crack-free area has to be enlarged. Ideal is a crack-free area as large as the 
substrate (40x45 m m 2 ) Analysis of the ELO procedure revealed that the critical 
step in the process is the bending of the film In the earlier ELO method the 
tension of the wax was used to create the curvature of the film The reproducibility 
of this process is poor and the local force on the thin film is too large which causes 
crack free areas of maximal 5x20 m m " 
In order to increase the crack-free area, the momentum forced on the flexible 
foil by an extra weight was used (see figure 12 3) In this way the curvature of 
the film does not depend on the variable tension of the wax but on a controlled 
weight Another advantage of this method is that etching takes place from only 
one side and a few drops of HF etchant on that side are enough for the release of 
a 2 inch wafer Therefore the device does not have to be emersed m aqueous HF 
etchant and the damage to the device and ELO construction is even smaller than 
with the old method A hinge of wax on the opposite side of the wafer prevents 
that (he film breaks loose if the etch is completed (see figure 12.3) 
A second major improvement was made by deposition of a gold (or cop­
per) layer of 3 μιτι on the epitaxial film prior to etching and attachment to the 
wax/plastic foil. This evaporated gold film induces a stress in the released epi­
taxial film which opposes that of the wax layer [9]. 
With the above mentioned improvements the crack-free area was enlarged to 
38x42 m m 2 out of a 40x45 m m 2 substrate The gold covered area (38x42 m m 2 ) 
was crack free so in principle it is possible to separate the whole 40x45 m m 2 layer. 
The gold, or, more easily the copper layer, can be etched away selectively after 
the film is released from its substrate, but a more economical approach would be 
to use the metal layer as electrical contact to the device 
12.3.2 Surface roughness 
The principle step in the ELO procedure, the separation of the film from its 
substrate, is based on the extreme selectivity of the aqueous HF solution [8]. The 
delirate of the 10% HF solution for the Alo ssGao isAs release layer is about 106 
times higher than that for GaAs So, in principle the GaAs substrate is unaffected 
by this etchant even if it is in contact with the HF for 36 hours (in case of a 2 
inch substrate) 
The number of uses of a substrate depend on the amount of surface damage 
caused by the ELO procedure To investigate this, the surface roughening due 
to different etch procedures was measured with a two dimensional optical step 
profiler [7] A new GaAs substrate (a) is compared with (b) a substrate after one 
ELO cycle, (c) a simulation of ten times ELO with each time a 12 h immersion 
in 10% HF followed by a dip (10 s) in 2T 10 N H 4 O H : H 2 0 2 : H 2 0 , (d) a simulation 
of ten times ELO with each time a 12 h immersion in 10% HF followed by a 
one minute immersion in 2:1:10 NH4OH H2O2H2O and (e) 10 minutes etching 
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Table 12 2 Surface roughness of GaAs substrate after different etch pro­
cedures Indicated are the root mean square value (RMS) and peak to 
valley (PV) values for the surface roughness Details on the etch proce­
dures can be found in the text 
RMS (nm) PV (nm) 
a 
b 
с 
d 
e 
new GaAs substrate 
GaAs substrate after ELO 
lOx HF + lOx dip 2 1 10 
lOx HF + lOx 1 mm 2 1 10 
lOx 1 min 2 1 10 
2 
2 
10 
47 
22 
12 
27 
89 
370 
112 
with 2 1 10 NH4OH H2O2 H2O In table 12 2 an overview of the measured surface 
roughnesses is given Two values are used to characterize the roughness first, 
the root mean square (RMS) is the average deviation from the mean height of 
the surface and, secondly, the peak to valley (PV) number indicates the max­
imum difference between highest and lowest point on the surface All values are 
determined from an average over 5 independent scans Each scan covers an area 
of l x l m m 2 
A new substrate (as received from the supplier) is smooth with a roughness 
in the order of the resolution of the step profiler (2 nm) If a thin film is removed 
from this substrate with ELO (b) the smoothness of the surface (RMS) remains 
unaffected although the peak to valley value increases slightly (see figure 12 4) If 
the ELO etching procedure is simulated ten times (c, d) the roughness is enhanced 
with circa a factor 10 and the surface becomes wavy like with small etch pits and 
mountains (figure 12 4) A longer etch in 2 1 10 increases the surface roughness It 
is clear that sequential etching of HF and 2 110 increases the surface roughness 
more than etching in 2 1 10 alone would do Qualitatively it is observed that 
etching in 2 1 10 mainly influences the 'waviness' of the surface, whereas the HF 
etch causes small but relatively steep etch pits and mountains In principle, 
the surface of the substrate is after 10 times ELO still smooth enough to grow 
mirror-like epilayers on it How often the ELO may actually be repeated on 
the same substrate depends on the actual device quality and on the criteria on 
interface sharpness This has to be verified experimentally However, if the surface 
roughness should become a problem, mechanical polishing will restore the flatness 
of the substrate after which cleaning with 2 1 10 can be used again for a number 
of times 
189 
Chapter 12 
β ¡MS 4 9 2 737 9 9 3 л 
Distance (μιη) 
Figure 12.4: Surface scans of optical step profiler. A: substrate after 10 
times HF followed by 2:1:10 dip. B: GaAs substrate after removal of the 
epilayer (ELO). Notice that the height scale for both figures is different. 
12.3.3 Minority carrier lifetimes 
The minority carrier lifetime of ELO films was determined for three different 
cleaning procedures (see section 12.2.3). If the substrate was cleaned according 
to method 1 (10% HCl) a hazy morphology was observed after re-growth. The 
measured minority carrier lifetime in the ELO film after the first re-growth was 
2 ns, which indicates a very poor quality of the layer. For the reference sample 
grown in the same run on a new substrate, a lifetime of 1 /ÍS was measured. The 
reason for the poor material quality is probably that after the ELO etch a large 
number of residual impurities are left on, or just below, the GaAs surface which 
are not removed by this cleaning method. 
The results of the minority carrier lifetimes of the samples cleaned according 
to the first series of method 2 (dip in 2:1:10) are plotted in figure 12.5. The 
indicated values are normalized with respect, to the reference sample (grown on 
a new substrate) in order to exclude run to run differences. Values for as-grown 
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Figure 12.5: Normalized minority carrier lifetime as a function of the 
number of reuses of a GaAs substrate. R E F indicates the reference 
value for samples grown on a new substrate. AG indicates the lifetime 
measured with the double heterostructure still on the substrate. ELO 
values are measured for lifted off double heterostructures glued to glass. 
REF, AG and ELO values for each reuse were made in the same run. 
(AG) samples are determined with the double heterostructure still connected to 
the substrate. ELO values are determined for lifted-off double heterostructures 
glued to a glass plate. Values measured for ELO films are in general higher than 
those of as-grown (AG) samples due to an enhanced photon recycling. The best 
minority-carrier lifetime in this series was 2.5 /ÍS for a 1 μπ\ thick GaAs active 
layer, which indicates a very low intrinsic carrier concentration and excellent 
quality of the material. After four times use of the substrate no decrease in 
lifetime is observed. 
Minority carrier lifetimes for samples cleaned according to method 3 (1:1:5 
etch) gave similar results as for the above described method 2 and are therefore 
not elaborated. 
These results indicate that substrates may be reused several times without 
degradation of the minority carrier lifetime, if after the ELO process at least 0.2 
/im of the GaAs substrate is etched away. 
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Figure 12.6: Normalized Hall mobility as a function of the number of uses 
of a GaAs substrate. Values are normalized with respect to a reference 
sample grown in the same run. Since values for reference samples did 
not change, the value of the first reference is used: 1975 c m 2 V - 1 s - 1 . 
For comparison the value of PC-ID is marked by X. ELOl indicates the 
mobilities of lift off films for the first series with a 10 s dip in 2:1:10. 
EL02 indicates the mobilities of lift off films for the second series with 
a 2 minute etch in 2:1:10. AG2 indicates the same layers as for EL02 
but still connected to the substrate. 
12.3.4 Mobilities 
The carrier concentration and Hall mobility were determined for cleaning method 
2 (2:1:10 etch) and 3 (1:1:5). Since cleaning method 1 (HCl etch) resulted in very 
poor lifetimes, this was not further investigated. ELO films were measured with 
the thin film glued to a glass plate. 
The carrier concentration of lift-off films for the first series of cleaning method 
2 was 2.6 χ 10 1 8 c m - 3 (no cloverleaf). For the second series a free carrier con­
centration of 2.3 χ 10 1 8 c m " 3 was measured with Hall-v.d. Pauw. For the sec­
ond series also 'as grown' samples were measured and a carrier concentration of 
S 1.5 
О 
CD 1.0 
Ν 
ctí 
О 0.5 
ζ ; 
η л 
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4 0 χ IO 1 8 c m - 3 was found Therefore the carrier concentration of the as grown 
layers is higher than that of the same layers after lift off The difference in carrier 
concentration may be explained by a slight thinning of the epitaxial layers due to 
the epitaxial lift off, although this is hardly expected with the high selectivity of 
the HF etch Another possibility could be surface pinning and depletion of carriers 
at the second surface which will also decrease the free carrier concentration 
The Hall mobilities as a function of the number of uses is shown in figure 12 6 
The mobilities for the first series decrease after 3 times of use However the 
mobilities of series 2 are constant for 4 times use This indicates that in order 
to obtain high mobilities on reused substrates circa 2 μπι of material should be 
removed after lift off In figure 12 6 also the mobility according to the simulation 
package PC-ID [10] is indicated for a carrier concentration of 2 3 χ I O 1 8 c m - 3 
The measured mobilities of the epitaxial films are all somewhat higher than the 
PC-ID value 
The carrier concentration and Hall mobility for samples cleaned with method 
3 ( 1 1 5 etch) are nearly identical to the results of the second series of cleaning 
method 2 
The results for carrier concentrations and mobilities indicate that several times 
reuse of GaAs substrates is feasible, without degradation of the electrical proper­
ties of the layers In order to keep high mobilities it is necessary to etch circa 2 
/im of the substrate away before each reuse 
12.4 Conclusion 
In this chapter we have described reuse of GaAs substrates after epitaxial lift off 
An important motivation for this research is the enormous cost reduction which 
may be obtained especially for large area devices like solar cells if the substrate 
is reused a substantial number of times 
First of all some major improvements for the ELO method were described 
By introduction of a flexible foil, use of a controlled weight and evaporation of 
an additional gold film, large area, crack free, free standing epitaxial films nearly 
the size of the substrate (40x45 m m 2 ) were obtained 
It was demonstrated that the surface roughness after 10 times ELO is, in 
principle, smooth enough for growth of mirror-like epilayers The minority carrier 
lifetimes of layers were excellent and did not decrease after four times of use, if 0 2 
μπι of the GaAs substrate was etched away before each use Mobilities of layers 
grown on reused substrates were state of the art and could be kept constant for 
a number of uses if 2 0 μιη of the GaAs surface was removed These results show 
that the most important material parameter for solar cells, the minority carrier 
diffusion length does not decrease if GaAs substrates are reused several times 
It is shown for the first time that the ELO method, for separation of thin 
III—V films from their substrate, is feasible for large area devices It is possible 
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to reus< the GaAs substrate a number of times in combination with the ELO 
process without loss of material quality For Til—V solar cells a cost reduction of 
a (actor four is demonstrated by the current results Extensive reuse of the GaAs 
substrate may be feasible and could reduce the cost of III V solar cells an order 
of magnitude 
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M O C V D WASTE GAS T R E A T M E N T 
A van Geelen, Ρ H M Bink, L J Gihng, 23th IEEE Photovoltaic Specialists 
Conference, (IEEE, New York, 1993), ρ 717 
Abstract 
A ¡arge scale production ofGaAs based solar cells with MOCVD will give rise to a 
considerable use of arsine Therefore a gas treatment system is needed to convert 
the waste gasses into less toxic compounds In this chapter seven different gas 
treatment systems for MOCVD are compared by quantifying the environmental 
aspects The systems are divided ¡n wet systems, adsorption systems and thermal 
systems The smallest amount of waste is produced by adsorption and thermal 
systems Adsorption systems use the smallest amount of energy The amount 
of primary materials used for the equipment vanes per system All systems are 
safe, but adsorption systems are simplest At the moment adsorption systems 
are probably the best choice from an environmental point of view Nevertheless 
thermal systems have some potential advantages which make them interesting for 
the future 
13.1 Introduction 
The MOCVD process is widely used to make III—V semiconductor structures (e g 
lasers, LED's, HEMT's and solar cells) As technology it is an important option 
for future large scale production of III—V solar cells Especially for growth of 
large area devices (solar cells) considerable amounts of arsine or phosphine may 
be used Only a small part of this arsine decomposes in the MOCVD reactor 
Because of the toxic nature of arsine and phosphine (OSHA-TWA values 50 and 
300 ppb [1,2]) the waste gasses have to be converted into less harmful compounds 
by means of a gas treatment system Furthermore in case of an accident, a gas 
treatment system should cope with a short term large amount (STLA) of hydride 
gas in order to prevent emission to the environment 
At present a number of different methods for treating hydride gasses are known 
[3 7] They have in common that the hydride gas reacts with oxygen to form 
a less toxic arsenic or phosphorous-oxide salt However the physical route is 
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different for the different methods, which implies that there are differences in 
the amount of waste produced, the amounts of energy and materials used, the 
possibilities of scaling up and the safety of the processes Up to now, there has 
been no study on the environmental consequences of a large scale application of 
these methods 
The aim of this chapter is to evaluate environmental aspects of different types 
of gas treatment systems for MOCVD For the present generation of MOCVD 
reactors and gas treatment systems a comparison will be made between the en-
vironmental loads caused by the different systems For the future generation of 
large scale MOCVD reactors an estimate is made of the most promising method 
for gas treatment 
13.2 Method and assumptions 
In this study six commercial gas treatment systems and one home built system 
are analysed The systems can handle the same amount of arsine waste gas 
and hydrogen gasflow In order to compare these different systems a method 
is used which is based on the idea of a Life Cycle Analysis (LCA) [8]. In an 
bCA the environmental inputs and outputs during the life chain of a product 
are made quantitative, normalized and summed up The following environmental 
parameters are made quantitative use of primary materials for assembly of the 
equipment (e.g steel, plastics), use of secondary materials for operation of the 
equipment (e g. coal, gasses, liquids), use of energy, and production of waste. 
Furthermore the safety of the systems is assessed qualitatively. All necessary 
information is obtained from the manufacturers of the equipments. For reasons 
of competition, no names of companies are mentioned. 
The input of all gas treatment systems is fixed by the assumption that three 
kilograms of arsine per week is used. This value corresponds to the input of a large 
commercial MOCVD reactor, of the type which is used at ASEC1, for production 
of III V solar cells As a worst case scenario it is assumed that no arsine (or 
phosphine) is consumed or decomposed in the MOCVD reactor. A V/III ratio of 
30 is assumed 2 the hydrogen carrier gas flow is 60 1/min (136,510 1 per week). The 
weekly production of solar cells with this amount of arsine is approximately 8 m2 . 
If an AIGaAs/GaAs tandem cell is produced with an AMI.5 module efficiency of 
25%, the power output of this area would be approximately 2 kWp. 
Two more assumptions are made. Chemically the reactions of arsine and 
phosphine in the gas treatment systems are very alike, therefore only arsine is 
mentioned. However, in reality the input gas may contain a mixture of arsine 
Applied Solar Energy Corporation, California, U S A 
2This is for an atmospheric pressure reactor in contrast to other values in this thesis which are 
for a low pressure system 
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and phosphine The output gas of the systems is considered to be a mixture 
of gasses which contain (significantly) less than 50 ppb of arsine This value 
is guaranteed by all manufacturers and mentioned in equipment specifications 
It was experimentally verified that for three systems the arsine emission was 
below the detection limit of 10 ppb Secondly the amount of metalorganics is 
negligible compared with the amount of arsine and therefore metalorganics will 
not be discussed 
13.3 Description of gas treatments 
The methods to treat arsine can be divided into three categories, depending on 
the physical principle they are based on 
13.3.1 Wet systems 
Wet systems (scrubbers) use chemicals in solution to oxidize the arsine to arsenic 
salts For this the gas is severely mixed with the water solution Two different 
possibilities were found oxidation with KMnC>4 or with НВгОз In both cases 
NaOH is used In the case of KMnC>4, NaOH is added to restore the pH and 
drive the equilibrium in the right direction In the case of the НВгОз reaction 
the gas is led through a second vessel containing NaOH solution to neutralize the 
escaping Br 2 Overall equilibria 
AsH 3 + 8 K M n 0 4 + 11 NaOH — • 
ASO4" + 8 M n 0 4
:
" + 8K+ + l l N a + + 7 H 2 0 (13 1) 
Probably the reaction will proceed further to МП2О3 and M n 0 2 and a mixture 
of inorganic arsenates 
5AsH 3 + 6 H B r 0 3 — • 5 H 3 A s 0 3 + 3 B r 2 + 3 H 2 0 (13 2) 
3 Br2 + 6 NaOH — • NaBrOa + 5 NaBr + 3 H 2 0 ( 13 3) 
In both cases the liquids have to be replaced by fresh solutions after a certain 
period of time 
13.3.2 Adsorption systems 
Adsorption systems use activated charcoal or impregnated gels/granules to adsorb 
the arsine In the case of the activated charcoal the arsine is first adsorbed on 
the coal or on the metals which cover the coal (chromium, copper or silver) In 
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a second step a diluted mixture of air or oxygen in nitrogen is led over the coal 
This leads to a controlled oxidation and converts the adsorbed arsine into arsenic 
oxide (AS2O3) which stays on the coal 
2AsH 3 + 3 0 2 — > A s 2 0 j + 3 H 2 0 (13.4) 
In the case of gels/granules the chemicals on the gel will cause oxidation of 
the arsine the moment it will adsorb. No second step is needed. In both systems 
the adsorption medium has to be replaced when most adsorption sites are filled 
wil h AS2O3 
13.3.3 Thermal systems 
Thermal systems use a furnace or a burning flame to decompose the arsine. The 
formed arsenic or arsenic oxide is condensed and filtered out A typical tempera-
ture for a furnace is between 600 and 1000 °C. If a filling material is used (e.g. 
impregnated granules) the temperature can be lower (400°C). For temperatures 
above 800°C strictly no oxidation is required, since the arsine will decompose into 
its elements: 
4 A s H 3 — • A s 4 + 6 H 2 (13.5) 
However especially when also phosphorus is used it is preferable to perform 
oxidation with an oxygen/nitrogen mixture Instead of solid phosphorus, phos-
phorous pentoxidc (P2O5) and arsenic tnoxide (AS2O3) will be formed. 
2AsH 3 + 3 0 2 — • As20.4 + 3 H 2 0 (13 6) 
The burning flame systems use either an active flame (methane or propane 
is added together with air) or a passive one which is fed by the hydrogen of the 
MOCVD process (only air/oxygen is added) 
In thermal systems the filters containing the As2Oa have to be replaced Also 
the water, which is produced by the burning gas, will condense and has to be 
drained off. 
At the moment, arsenic containing waste of all gas treatment systems has to 
be disposed of as chemical waste. In the future, if substantial amounts of waste 
are produced, the recycling of metals may be economically attractive. 
13.4 Results 
13.4.1 Secondary materials, energy and waste 
The use of secondary materials, the use of energy and the production of waste 
is described in table 13.1. It can be seen that adsorption and thermal systems 
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Table 13 1 Secondary materials use, energy use and emissions of gas 
treatment systems The materials consumption and emissions are based 
on a consumption of 3 kg arsine per week 
M e t h o d 
Adsorption 
Charcoal 1 
Adsorption 
Charcoal 2 
Adsorption 
Gels 
Wet scrubbing 1 
Wet scrubbing 2 
Thermal 1 
Thermal 2 
Thermal 3 
Decomposition 
Secondary mater ia ls 
(per week) 
active coal 30 kg 
N 2 14,820 1 
0 2 1,300 1 
energy 22 kJ 
active coal 30 kg 
N 2 27,290 1 
Os 1,300 1 
energy ? kJ 
gels 14 kg 
energy 11,490 к J 
НВгОз (aq) 49 1 
NaOH (aq) 49 1 
energy 34,470 kJ 
KMnC-4 49 kg 
NaOH 12 kg 
hot water 2,080 1 
energy 172,000 kJ 
methane 38,300 1 
air 19,152 m 3 
energy 11,490 kJ 
N 2 28,730 1 
0 2 960 1 
water (1) 1,915 1 
energy 349,920 kJ 
granules 11 kg 
energy 349,920 kJ 
aluminium 4 kg 
water 10,000 1 
energy 604,800 kJ 
Emiss ions 
(per week) 
coal, A s 2 0 3 (s) 33 8 kg 
output gas 151,330 1 
coal, A s 2 0 3 (s) 33 8 kg 
output gas 163,800 1 
gels, A s 2 0 3 (s) 17 3 kg 
output gas 136,510 1 
H 3 A s 0 3 (aq) 4 9 kg 
salts in water 98 1 
output gas 136,510 1 
K 2 H A s 0 4 (aq) 8 4 kg 
salts in water 2,080 1 
output gas 136,510 1 
A s 2 0 3 (s) 3 8 kg 
C 0 2 (g) 38,300 1 
water 76,610 1 
output gas 19,075 m 3 
A s 2 0 3 (s) 3 8 kg 
output gas 165,240 1 
water (1) 1,915 1 
granules, A s 2 0 3 14 0 kg 
output gas 136,510 1 
aluminium, As (s) 7 0 kg 
water 10,000 1 
output gas 137,815 1 
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produce waste which is contained in a small volume Per 3 kg of агыпе 4 to 34 kg 
of arsenic oxide containing solid waste is produced Wet chemical scrubbers may 
produce a rather large volume of liquid waste, containing inorganic arsenic salts, 
although there is a large difference between the two investigated systems The 
water produced by thermal system 1 is a result of the combustion of the CH4 
The high amount of output gas for all systems is due to the hydrogen carrier gas 
The use of energy is for thermal systems considerably higher than for the other 
types because the methane used by thermal system 1 should be considered as an 
energy source and not as a source gas (38,300 1 CH4 represents 1,520,000 kj) All 
energy amounts in table 13 1 are input energy's, so the energy which is released 
by the combustion of hydrogen or by other chemical reactions is not included 
The energy use of adsorption system 1 is anomalously low This can be due to 
incomplete information of the manufacturer or may be system related A normal 
control unit for this kind of system consumes circa 20 W electrical power (12,600 
kJ per week) The difference in energy consumption of wet scrubber 1 and 2 is 
system related 
Although the use of secondary materials is made quantitative, it is still difficult 
to compare different systems Wet systems use few materials, but the chemicals 
are rather aggressive Both thermal systems and adsorption systems use a consid­
erable amount of gasses (methane, nitrogen, oxygen), but these are very commonly 
used In order to quantify this conclusion, one could use eco-indicators However, 
at the time of this study there is not yet consensus concerning the different weigth 
factors which should be applied in such an analysis 
13.4.2 Primary materials 
To compare the amount of (different) materials for the production of the gas 
scrubber equipment, the amounts of the basic bulk materials as steel, stainless 
steel and plastics are given in table 13 2 Clearly there are differences in the use 
of materials For example the use of (stainless) steel per equipment vanes from 
only 20 kg to 250 kg This seems to be related to the design of the equipment 
and the specific process involved No clear difference is found however between 
the different categories 
In order to get an indication of the amount of energy required to produce the 
equipment the material amounts are converted into their energy contents This 
is done by using gross energy values The accuracy of the total energy value 
is estimated to be about 50% 3000 MJ should be read as between 1500 and 
4500 MJ Despite the large uncertainty it is clear that there are large differences 
in the total amount of energy Especially the use of plastics like polypropylene 
(wet scrubbers) increases the energy content significantly 
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Table 13.2. Material and energy requirements for production of gas 
treatment equipment. 
M e t h o d 
Adsorpt ion to charcoal 1 
column + piping 
housing 
Adsorpt ion to charcoal 2 
column + piping 
housing 
Adsorpt ion by gels 
column + piping 
housing 
Wet scrubbing 1 
housing 
plastic parts 
Wet scrubbing 2 
plastic parts 
Thermal 1 
burning chamber 
other parts 
Thermal 2 
decomposition chamber 
other parts 
Thermal 3 
oven 
cartridge 
bypass 
Thermal decompos i t ion 
decomposition chamber 
oven + frame 
filter box 
Materia ls 
stainless steel 
steel 
stainless steel 
steel 
stainless steel 
steel 
steel 
polypropylene 
P.V.C 
polypropylene 
stainless steel 
stainless steel 
quartz 
stainless steel 
stainless steel 
stainless steel 
stainless steel 
quartz 
steel 
aluminum 
A m o u n t 
(kg) 
40 
23 
100 
50 
54 
120 
250 
150 
90 
5 
25 
20 
3 
20 
100 
10 
11 
1 
45 
5 
Energy 
( M J ) 
1040 
550 
2600 
1200 
1400 
2880 
6100 
10950 
4770 
360 
650 
520 
90 
520 
2600 
260 
290 
30 
1080 
520 
Total 
( M J ) 
1590 
3800 
4280 
17050 
5130 
1170 
610 
3150 
1630 
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13 . 4 . 3 Sa fe ty 
To analyse the safety of the different gas treatment systems the first step is to 
find out all possible safety problems A safety problem is defined here as a de-
viation of the norma] way of operation which may lead to a dangerous situation 
for operator or environment Typical sources for problems are depletion of sec-
ondary materials pressure build up, (too) high temperatures, power failure, weak 
construction of parts, back flow and leaks Possible problems which could occur 
arc release of toxic gasses (arsine, arsenic oxides), release of explosive gasses or 
mixtures (hydrogen), start of fire in and outside of the equipment, and spill of 
chemicals 
The second step is to compare possible solutions for a particular safety problem 
with the actual implied safety measure(s) Some safety measures encountered are 
monitors for pressure, temperature, flow and toxic gasses, capacity control, bypass 
with additional filter, oil and moisture filters and different types of flame control 
The result of the comparison between safety problems and implied measures is 
that all systems can be called safe [9] However adsorption systems are intrinsically 
more simple and therefore need less active safety measures 
13.5 Conclusion 
If the total environmental load of the different systems is compared, it is conclud-
ed that adsorption systems are probably the best choice at the moment They 
produce a low amount of waste, use few secondary materials and are intrinsically 
safe Thermal systems as well as wet systems both need more safety measures 
In addition thermal systems use more energy and secondary materials while wet 
systems produce a rather large volume of (liquid) waste 
On the long term not only adsorption systems may be of interest Ther-
mal system have several potential advantages over adsorption systems Thermal 
systems can be scaled with lesser use of energy and materials to cope with very 
large amounts Furthermore thermal systems can handle short term large amount 
releases without the need to overdimension the system very much Adsorption 
systems need a very large capacity to cope with this A third advantage is that 
thermal systems produce solid arsenic oxide or even solid arsenic These products 
offer the best chances for recycling Therefore it is expected that thermal as well 
as adsorption systems are potential candidates for future large scale gas treatment 
in the III—V industry 
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D I S P E R S I O N OF A R S I N E I N CASE 
OF AN A C C I D E N T A L R E L E A S E 
F R O M AN M O V P E R E A C T O R : 
A CASE STUDY 
Abstract 
In this chapter emission concentrations are calculated which may result from an 
accidental release of toxic arsine gas from an MOVPE reactor First, a general 
framework of transmission models is given for continuous sources and puff releases 
The transmission models are valid for short as well as for large distances from 
the source Secondly, source strengths are calculated for worst case situations 
With these data the emission concentrations m the MOVPE room and outside 
the building are calculated and compared to exposure limits for arsine Finally 
potentially dangerous situations are identified and suggestions are made in order 
to minimize exposure to arsine in case of an accidental release 
14.1 Introduction 
Many laboratories use the MOVPE (Metal Organic Vapour Phase Epitaxy) pro 
cess to make opto electronic devices based on GaAs One of the source gases for 
this process is arsine (АвІІз) Arsine is a poisonous gas for humans (see table 
14 1) In case of normal system operation any release higher then the M A C 
value1 is excluded Control of arsine concentrations takes place by continuous 
monitoring at strategic positions around the MOVPE equipment If the detected 
concentration is higher than the M A C value the monitor gives an alarm which 
will put the MOVPE system in a safe mode and will close the arsine line 
1
 Maximal Allowable Concentration maximal concentration for workers to be exposed to during 
a 40 hour work week for which they will not suffer health damage For citizens the P E L 
(permissable exposure limit) value is taken If there is no Ρ E L value for a chemical substance 
than the M A C value is used This is the case for arsine 
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Ι тЫе 14 1 Physical properties of arsine and human exposure limits 
M Л С is maximal allowable concentration S Τ Π L stands for short 
Umi exposure limit I I V means threshold limit (lethal) valut 
S 1 I L values were determined together with the ministry of l abour 
(Vlav 1990) 
Molecular weight 
Density 
Vapour pressure 
Smell limit 
M A C (40 hours) 
S T E L (15 minutes) 
S T E L (10 minutes) 
Τ L V (60 minutes) 
1 L V (30 minutes) 
I L V (instantaneous) 
77 95 
3 23 
15 
1 
0 05 
0 10 
0 15 
10 
25 
250 
g/mol 
g / d m 3 
bar 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
ppm 
(21°C) 
(21 °C) 
(3 2 mg/m 3 ) 
(0 16 mg/m 3 ) 
(0 48 mg/m 3 ) 
(0 32 mg/m 3 ) 
(32 mg/m 3 ) 
(80 mg/m 3 ) 
(800 mg/m 3 ) 
Contrary to normal operation, high concentrations of arsine may be released 
m cast of an accident Because of the high toxicity of the gas it is important to 
know beforehand how much arsine may be released and how this arsine will be 
dispersed in the environment Λ general description of (human) toxicity of arsine 
and ot lur 111 V source materials is given by van Sark [1] A detailed safety and 
risk analysis of III V MOVPL was made by F J van Spijk [2] which included 
tin dispersion of arsine for accidental releases The report by van Spijk, however 
is some vears old and a new transmission model for dispersion for short distances 
(less than 100 m) has become available In addition, the original report paid no 
atUntion to the risk of taking in contaminated air by air inlets of buildings at 
th( same height as the emission 'I his chapter therefore extends the more general 
safety study made by van Spijk 
First an overview of currently available transmission models is given These 
models were developed by Ι Ν О [3,4] for the Dutch Ministry of Labour The 
transmission models are then applied to an accidental arsine release from a la 
boratory I he laboratory of Fxpenmental Solid State Physics III is taken as an 
example Finally the calculated emission concentrations are compared to the ex-
posun limits to estimate tlit involved risk and some suggestions for improvements 
are made 
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14.2 Transmission models 
Current transmission models can be divided into continuous or puff release models, 
depending on the duration of the emission In most cases a source emits long 
enough to establish a constant concentration profile in the surroundings of the 
source In this case continuous models are applicable These models are based on 
drift due to a certain wind velocity and on a Gaussian dispersion If the emission 
time is shorter than the necessary time to establish a constant profile, puff release 
models or an interpolation between continuous and puff release models should 
be used Puff release models are similar to continuous models but start with an 
initially more or less ball shaped emission In this section we have combined a 
short range model [4], for distances less than 100 m from the source, and a long 
range model [3], for distances greater than 100 m from the source, for cases of 
continuous releases and for puff releases For short distances, however, their is 
one situation which has to be dealt with separately, namely if the emission of a 
source takes place in the recirculation area of a building This can be described 
by a third type of model [3] which is based upon a homogenous dispersion of the 
emission in the recirculation volume of the building 
The following criteria are used to discriminate between the continuous and 
puff release model 
• C o n t i n u o u s m o d e l t
s
 > . * with t
s
 the time (s) a source emits, χ the 
distance (m) to the source and U
w
 the wind velocity (m/s) 
• Interpolat ion between continuous and puff release model 
ϊ <- f <-• — ï 
1 8UW ^ Ls *- 18U„ 
• Puff r e l ea se m o d e l ts < 1 8^ 
For all models the following additional assumptions are made 
1 Emission takes place by a point source 
2 There is no up- or downward velocity component in the emission This means 
that there is no initial vertical velocity of the emitted gas, there is no differ-
ence in specific gravity of the gas and surrounding medium and there is no 
heat exchange between gas and medium 
3 The emitted gas has the same physical properties as the surrounding medium 
In addition there are no chemical reactions in the gas nor between gas and 
surroundings and there is no deposition of particles from the gas 
For arsine gas diluted in air, emitted in a specific situation, none of these 
assumptions is completely true However, they will not change the calculated 
emission concentrations more than an order of magnitude, which is adequate 
enough for a comparison between emission concentrations and exposure limits 
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14.2.1 The continuous model 
For a continuous! point source at (x.y.z) = (0.0,0) and at height h (m) above 
ground level, with a constant wind velocity in the χ direction (see figure 14.1) the 
concentration С is given by [3]: 
m I - y -
exp < - exp 
-(ζ - h) 2 1 f - (ζ + h)2 
+ exp 2σ2 2σ2 
'МЛ) 
χ distance along length axis of emission (m) 
y distance along width axis of emission (m) 
ζ distance to ground level (m) 
in source strength (kg/s) 
l '
w
 wind velocity (m/s) 
rry z (x) dispersion coefficient for corresponding direction y, ζ (m) 
This equation is based on broadening of the cloud in y- and z-direction due 
to diffusion. The amount of broadening and the relation between С and χ is 
determined by ay and a¿ which are both dependent on x. Diffusion in the x-
direction is neglected (no σ
χ
) because it is assumed that the wind velocity U
w 
determines the transport in this direction. The maximal concentration is found 
on the x-axis (y=0) and the concentration at ground level is found for z=0. The 
equal concentration cross section drawn in figure 14.1 can be approximated by an 
ellipse (exact only if h=z) which is given by: 
py 2 + qz 2 = r; (14.2) 
with ρ = σ ~ 2 , q=cr~2 and r — ln(m/(7rU
w
C<T^
z
)). 
The dispersion coefficients ay and σ ζ are functions of the distance from the 
source (x), the height, above ground level (h) and the wind velocity ( U
w
) expressed 
in the stability classes according to Pasquill. The following formulas are valid for 
χ > 100 m and for χ < 100 m [3]. 
ay = a x ' (x > 100m) and ay = —— 
σ
ζ
 = cx
d
 (x > 100 m) and σ
ζ
 = — -
1 f i n d 
\ _ ; 100 
a l 0 0 b (x < 100m) 
c l 0 0 d (x < 100m) (14.3) 
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Figure 14.1: Direction of х-, y-, and z-axis for Gaussian emission models. 
U
w
 indicates the wind direction and h is the height at which emission 
takes place. 
In table 14.2 and 14.3 the coefficients a, b, с and d are given as a function of 
the weather stability classes (according to Pasquill), respectively for a height h 
above ground level of 10 m or less and for heights h of 100 m - 400 m. If h lies in 
between 10 and 100 m a linear interpolation of <7yz at 10 and 100 m is made: 
Cy,z(h) 
( 1 0 0 - h ) 
90 ,(10) + 
( h - 1 0 ) 
90 
σ
γ ζ
( 1 0 0 ) ( 2 0 < h < 100m). (14.4) 
The value σ
ζ
(χ, h, U
w
) has to be corrected for the surface roughness zo due to 
trees, buildings etc. if the height h is less than 100 m. A correction factor KZo is 
used. 
cr
z
(x,h,U
w
,zo) = Κ
Ζ ο
σ
ζ
(χ, h , U
v 
;i4.5) 
The correction factor KZo is calculated with equation 14.6 as a function of the 
distance χ (m). 
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Table 14 2 Parameters for calculation of а
уг
 at a height h = 10 m. 
ay ¿ according to equation 14 3 with χ and ayz in meters ay is for 
η 10 minute average time and <r7 for a surface roughness zo of 0 1 m 
(('го = D M 
Stability d a i s a b e d 
very instable 
instable 
slightly instable 
neutral 
stable 
very stable 
Л 
В 
С 
D 
E 
F 
0 527 
0 371 
0.209 
0.128 
0 098 
0 065 
0.865 
0 866 
0 897 
0.905 
0.902 
0.902 
0.28 
0.23 
0.22 
0.20 
0 15 
0 12 
0 90 
0.85 
0.80 
0.76 
0.73 
0 67 
Table 14 3 Parameters for calculation of ay z at heights 100<h<400 m 
ay 2 according to ccjuation 14.3 with χ and <ту z in meters ay is for a 10 
minute average tune [3] 
Stability class 
very instable 
instable 
slightly instable 
neutral 
stable 
very stable 
A 
В 
С' 
D 
E 
F 
a 
0.40 
0.40 
0.36 
0.32 
0.31 
0 31 
b 
0 91 
0 91 
0.86 
0.78 
0.71 
0.71 
с 
0 41 
041 
0 33 
0 22 
0 06 
0 06 
d 
0.91 
0.91 
0.86 
0.78 
0.71 
0 71 
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Table 14 4 Values of roughness parameter zo for different surfaces 
Terrain roughness Examples ZQ (m) 
flat lakes, polder 0 03 
very low airports, agriculture, fields with trees 0 10 
low fields with a lot of bushes, trees or houses 0 30 
medium woods, industry area with low buildings, city with 1 0 
low buildings 
high city or industry area with high buildings 3 0 
KZo = ( 1 0 z o ) O 5 3 x (14 6) 
For table 14 2 a surface roughness of Zo = 0 1 m is used Other surface roughnesses 
can be found in table 14 4 
The value σ
γ
(χ, h , U
w
) has to be corrected for the emission average time If 
we take a photograph of an emission cloud, it would be a meandering band (see 
figure 14 2) After a certain amount of time, however, the Gaussian distribution 
is obtained This means that the average concentration during a certain amount 
of time may be higher or lower than the calculated (10 minute average) con­
centration Due to this effect a time averaged emission concentration has to be 
used 
σ„(χ, h, U
w
, t) = Ktffy(x, h, U„) (14 7) 
Kt =
 U)°2 (i48) 
Where K t is the correction factor for the emission average time and t (s) the time 
an emission lasts 
14.2.2 The puff release model 
lor a very short (instantaneous) point source at height h above the ground level 
and for χ < 100 m the concentration C(x,y,z,t) is given by equation 14 9 for a 
constant wind velocity in the χ direction [3] 
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Figure И.2: Schematic drawing of widening of emission contour. The 
smaller hatched band is an instantaneous picture. Due to small vari­
ations in wind direction, a wider Gaussian contour with a lower mean 
concentration results after 10 minutes. This effect is corrected by use of 
the emission average time. 
m / ( x - U
w
t ) 2 \ 
С = г-г exp т. 
(27Ï-)1
 К І
(Т
у
,(7
и
 V 2<Txi / 
The concentration at ground level is found for z=0. 
2 m
 ( ( x - u
w
t ) 2 \ 
( (x ,y,0, t ) = -г-; -exp - - — „ , ' 
' (2π)' 5<τ
χ
,σ
γ
,<τ2,
 н
 V 2σ2, J 
The maximal ground concentration is found on the x-axis (y=0) for t — x / U
w
. 
O ( x . 0 , 0 . x / U
w
) = 2 m expf-^V) (14.11) 
(2тг)] 5σ
χ ι
σ
ν
,σ
ζ
, \ 2σ
ζ
;
|/ 
The instantaneous dispersion coefficients <T
xliy1|Z1 are expressed as a function of 
the distance χ in the following formulas. 
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Table 14.5: Parameters for calculation of σ
ΧΙι1,,ιΖ, <rx, iy, |Z, according to 
equation 14.12, with χ and <x
xly1Z] in meters. σ ζ is for a surface roughness 
zo of 0.1 m (C Z o = 1). Values for a,b,c and d can be found in tables 14.2 
and 14.3. 
Parameter Value 
a, 
b, 
c, 
d, 
e. 
f, 
a/2 
b 
с 
d 
0.13 
1 
f
xl = e,x
fl 
<Tyi = a,x
b l
 (14.12) 
σ
ζ1 = c,x
d
' 
In table 14.5 the coefficients a,, b,, c,, d,, e, and f, are given as a function of the 
previously defined coefficients a, b, с and d for the continuous model a y l needs no 
correction for an emission average time, but σ
ζ1 has to be corrected for the surface 
roughness according to table 14.4 The uncertainty in the dispersion coefficients 
for an instantaneous source however, is much larger than for a continuous source 
The previous discussion for an instantaneous source is valid for distances χ of 
more than 100 m. For shorter distances it is assumed that the emission spreads 
out in a ball shape and drifts a distance Δ χ due to the wind: Δ χ = U
w
t . The 
concentration around the center of the cloud is given by: 
С ( г > = ( 2 ^ е Х Р Ш · < 1 4 Л З > 
With г (m) the distance to the center of the cloud and σ
Γ
 the radial dispersion 
coefficient 
/ α 2 ( Δ χ ) 2 \ ° 5 
σ
Γ
 = σ0 ( 1 + Vff2 ' J (14.14) 
a
2
 = (a 2 + c 2 + e 2 )/3 (14.15) 
σ 0 = 0.64Ro (14.16) 
Ro is the initial radius of the emitted cloud and is assumed to be known 
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14.2.3 The recirculation model 
I or emission«; on the roof of a building or within the recirculation area of a build­
ing which is defined b\ \ < ЗНь with Иь the height of the building, the disper­
sion is strongh influenced bj the disturbance of the atmospheric boundarj iajcr 
dm to the building(s) If there is only one building, the maximal concentration 
m I lie recirculation area clue to a continuous emission (t > l<t>n-t) is given by [3] 
C
"» = € a (1417) 
Л is the area of the building at 90° on the wind direction К is a constant 
which ma\ var> according to the wind direction and the shape of the building 
b<tween 0 'λ and 1 5 For an estimate of the maximal concentration К = 0 2 is 
chosen For distances χ > ЗНь the continuous or the puff release model can be 
used 
If there are more buildings present within χ < ЗНь equation 14 17 is modified 
for the space between the buildings (хь) 
For instantaneous emissions in the recirculation area of a building (t < 15^-) 
tin following formulas should be used 
<",„
ax
 = , „ . (one building) 
•!НьА 
('max = - τ — (more buildings within χ < ЗНь) (14 19) 
Ахь 
14.3 Case study 
14.3.1 Source strength and emission t ime 
In order to calculate emission concentrations with the described transmission 
modi Is the source strength and emission time should be known as well as data 
on the emission height and surroundings of buildings Therefore we switch now 
to a simulation of an arsine release The laboratory of Experimental Solid State 
I'lnsics III is taken as an example The laboratory uses an Aixtron Л1Х-200 
\10VPE reactor and cjlmders with 5 kg 100% arsine Both the MOVPF reactor 
and (he gas amount are typical for many research and industrial laboratories In 
this section no actual causes for leaks are considered, simply the maximal leak 
rate is assumed for a specific situation Therefore the calculated values always 
represent a worst case approximation 
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The arsine line can be divided in three parts: a high pressure part with arsine 
pressure of 15 bar from arsine cylinder to pressure reducer, a medium pressure part 
with arsine pressures of 3 - 5 bars from pressure reducer to arsine flowcontroller 
and the low pressure part with arsine pressures of 1 bar or less which consists of 
everything after the arsine flowcontroller. 
The maximal source strength for the high pressure part is determined by the 
area of the leak, the amount of arsine in the cylinder and the physical properties 
of the gas. It is assumed that a 1/4 inch tube is completely broken so that a 
maximum leak area of 8 m m 2 is formed Further it is assumed that the evaporation 
of the arsine is adiabatic 2 and only arsine gas (no liquid) passes the leak. The 
source strength as a function of time is given by [3]: 
m ( . ) = m ( 0 ) ( l + ( ! ^ f f i ) - f f i (14.20) 
-,+iy 1/2 
m(0) = C d A l p o p o 7 ^ ^ T J ) (14.21) 
m(t) source strength as a function of time (kg/s) 
m(0) initial source strength (kg/s) 
M amount of arsine (5 kg) 
7 c
v
/cp (1.4) 
t time (s) 
Cd flowcoefficient (0.61) 
A area of the leak (8 χ Ю - 6 m 2 ) 
po initial pressure in line (15 or 5 χ IO5 Pa) 
Po density of arsine gas 
(15 bar: 49.1 kg/m 3 , 5 bar: 16.4 kg/m 3 ) 
The calculated initial source strength (m(0)) for the 15 bar high pressure part is 
28 5 g/s After 3 minutes the source strength is reduced to 9 3 g/s and 3034 g 
of arsine is emitted. After 7 minutes the source strength is reduced to 10% of 
the initial value and 85% (4260 g) of the contents of the cylinder is emitted The 
mean source strength for the first seven minutes is 10.2 g/s 
The source strength for the medium pressure part can be calculated in a similar 
way as that for the 15 bar high pressure part However the arsine monitor will 
shut off the pneumatic valves of this part completely after an arsine alarm, so 
that after the alarm only the amount of arsine left in the line will be emitted. 
The arsine alarm level of the monitor is 50 ppb (M.A C. value) and 3 minutes is 
This may lead to a slight overestimate of the source strength because the rapid release of arsine 
gas as well as the evaporation of arsine liquid will cool the cylinder which lowers the vapour 
pressure below 15 bar. 
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taken as the maximum time between emission and arsine alarm 3 The contents 
of (he line is ш general determined by the moisture filter which has a contents of 
circa 0 3 dm'1 or 5 g of arsine (initially at 5 bar). Before the alarm goes off the 
calculated initial source strength is 9 5 g/s. After 3 minutes this is reduced to 6 4 
g/s and Ml.r) g of arsine is emitted The mean source strength in the first three 
inmutes is 7 9 g/s. After the line is closed it takes only 10 seconds to reduce the 
source strength to nearly zero and an additional 3.5 g of arsine is emitted 
'1 he maximum source strength for the low pressure part (1 bar) is determined 
by the arsine mass-flowcontrollcr which limits the flow after the controller A 
maximum flow rate of 200 seem is taken This gives a maximal source strength of 
10 7 mg/s Within 3 minutes the line will be closed due to an arsine alarm. After 
that it takes maximal 2 minutes to purge the complete MOVPE with nitrogen. 
The maximal emission time is thus 5 minutes One exception to this is if the 
reactor cell breaks. In that case an instantaneous source strength of circa 0 5 g/s4 
will be found in the first seconds in addition to the continuous source. 
In figure 14.3 the source strength and total emission of arsine are plotted 
against time for the high (15 bar), medium (5 bar) and low pressure part (1 bar). 
For all cases the maximum emission concentration on the roof is equal to the 
source strength of the leak. 
14.3.2 Emission concentrations 
Emission concentration in the room 
If the arsine spreads uniformly and instantaneous in the MOVPE room the max­
imum emission concentration in the room can be calculated according to [2]: 
C = ^ 1 0 6 (14.22) 
pY 
С concentration in MOVPE room (ppm) 
m source strength (g/s) 
ρ density arsine gas (3 23 g/dm 3 ) 
F ventilation capacity (560 dm 3 /s) 
l'or a leak in the high pressure line the mean source strength in the first three 
minutes is IG 9 g/s The maximum room concentration will be 9300 ppm For 
a leak in the medium pressure line the mean source strength in the first three 
Ί tus is longer 1 han the response time of a standard arsine monitor which is 10 to 30 se< onds, 
depending on the concent ration. However, the monitor is very often part of a multi« bannet 
system which m< reases the ]espanse lune lo circa 3 minutes 
4
 Volume of reactor cell (6 1) λ concentration arsine (5%) χ density arsine (3.2 g/dm 3 ) / emission 
time (2 s). 
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1 bar (к 100) 
600 900 1200 1500 18000 
Time (s) 
600 900 1200 1500 1800 
Time (s) 
Figure 14.3: Source strengths (left) and total emission of arsine (right) 
as a function of time. Indicated are the results of a leak in the high 
pressure part (15 bar), in the medium pressure part (5 bar) and in the 
low pressure part (1 bar). In case of a leak in the medium pressure part 
the arsine line is closed after a maximum of 3 minutes. For a leak in 
the low pressure part it is assumed that the arsine line is closed after 3 
minutes and nitrogen purging of the MOVPE reactor takes 2 minutes. 
minutes is 7.9 g/s. The resulting room concentration in this case is 4400 ppm. 
Both room concentrations are more than an order of magnitude larger than the 
instantaneous lethal concentration (see table 14.1). For a leak in the low pressure 
part the source strength will be 10.7 mg/s 5 in the first five minutes. The maximum 
room concentration will be 6 ppm which is below the 1 hour T.L.V. value but 
well above the 10 minute S.T.E.L. value. 
For these calculations we have assumed that the arsine spreads out in the 
room freely. In practice the arsine cylinder is stored in a vented cabinet which 
is reasonably closed. This may severely restrict the concentration of arsine in 
the room depending on the ventilation capacity of the cabinet. The calculated 
situations, however, are appropriate if the leak takes place in the room or if the 
storage cabinet is open. 
Emission concentration outside 
For a calculation of the emission concentrations outside the buildings the con­
tinuous Gaussian transmission model of section 14.2.1 is used. For calculation 
of the concentrations at the air inlets of the buildings the recirculation model of 
5
 Emission by a broken reactor cell into the room is not taken into account because the cell is 
surrounded by a highly vented cabinet. 
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Figure 14.4: Maximum emission concentration along the cone axis (y=0, 
z=h) as a function of the distance from the source. Indicated are the 
situation for a leak in the high pressure part (10.2 g/s), the situation 
for a leak in the low pressure part (10.7 mg/s) and exposure limits for 
arsine. 
section 14.2.3 is also used. Λ very low wind velocity of 2 m/s (stability class 
F ) e was chosen in order to obtain a worst case approximation (highest concentra­
tion). The shortest emission time is 3 minutes and therefore the model is valid to 
at least a distance of 650 m from the source (see section 14.2). In the case of the 
laboratory of Experimental Solid State Physics III the emission takes place at the 
roof of a building at a height of 29 m above ground level. Because of numerous 
high buildings in the area a surface roughness parameter of 3.0 m was used. 
For a leak in the high pressure part at 15 bar a mean source strength of 10.2 g/s 
and an emission time of 7 minutes were calculated (section 14.3.1). In figure 14.4 
the maximum emission concentration (along the cone axis: y = 0, ζ = h) is plotted 
against the distance x. The instantaneous, 30 minute and 60 minute T.L.V. limits 
71
 This is the lowest wind velocity with a definite direction. 
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are reached for distances shorter than χ = 20, 70 and 115 m respectively The 
concentration border of 1 ppm is found at 580 m The 15 minute S T E L limit 
is circa 3 km away from the source The M A C value lies at circa 6 km from the 
source The maximum ground concentration is found at 1175 m from the source 
and is 215 ppb The emission concentration at the air inlets of nearby buildings 
vanes between 5 to 45 ppm for inlets at approximately the same height as the 
emission, and between 0 125 to 2 ppm for the others These values are probably 
not reached inside the buildings due to extra dilution 
The situation for a leak in the 5 bar medium pressure part resembles very much 
the before described situation for a leak in the 15 bar part The main difference is 
that the maximum emission time (and thereby the maximum amount of arsine) 
is reduced to three minutes The calculated emission concentrations are about 
10-20% lower than for the 15 bar case 
For a leak in the low pressure part (1 bar) a source strength of 10 7 mg/s 
was calculated with a maximum emission time of 5 minutes In figure 14 4 the 
maximum emission concentration is plotted against the distance χ for this case 
At emission height (29 m) the 15 minute S T E L limit is found at 32 m from 
the source The M A C concentration lies at 47 m The maximum ground con­
centration is less than 1 ppb at 1175 m The maximum concentration at the air 
inlets of the buildings is 43 ppb, just below the M A C value 
In case the reactor cell breaks, a puff release of circa 1 g of arsine takes place 
An exact calculation of the emission concentration is difficult, but an estimate 
can be made with equation 14 13 The maximum concentration is found at t = 0 
in the center of the cloud If we assume an initial radius of 5 m, than the highest 
emission concentration is 0 6 ppm, the 15 minute S T E L value is found at б 1 m 
and the M A C value is found at 7 2 m Because of the recirculation area of the 
building probably equation 14 19 gives a better approximation The maximum 
concentration found with this equation is 12 ppb 
14.4 Conclusion 
In this chapter emission concentrations were calculated which may result from 
an accidental release of arsine gas from an MOVPE reactor The laboratory of 
Solid State Physics III was taken as an example First a description of differ­
ent transmission models was given the Gaussian continuous model, the Gaus­
sian/Spherical puff release model and the recirculation model Secondly source 
strengths were calculated for three cases For all calculations a worst case scenario 
was assumed A leak in the 15 bar high pressure part will result in a mean source 
strength of 10 2 g/s for an emission time of 7 minutes A leak in the 5 bar medium 
pressure part will cause a mean source strength of 7 9 g/s for an emission time of 
3 minutes A leak in the 1 bar low pressure part will lead to a source strength of 
10 7 mg/s and a maximum emission time of 5 minutes Breaking of the MOVPE 
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reactor cell was identified as a special oase of a leak in the low pressure part and 
gives in addition to the continuous source a pulì release of 1 g of arsine 
Fmission concentrations were calculated with the transmission models and the 
calculated source strengths. A leak in the 15 bar part may result in more than 
ten times the instantaneous lethal value in the MOVPE room and in potentially 
dangerous levels (around 30 minute T.L V level) on the roof of the building 
Concentrations at the height of the emission (29 rn), vary between dangerous 
(1 ppm and higher within 580 m) to harmful (M.A.C, at 6 km). This may be 
important for high buildings with air inlets on approximately the emission height 
which lie within these ranges. The maximum ground concentration is: 0 2 ppm 
which is four times the M A C value 
A leak in the 5 bar medium pressure part, will give comparable emission concen-
trations as for the 15 bar case, only the maximum emission time will be reduced 
from 7 to 3 minutes. Therefore the maximum arsine amount released will be 
reduced from 4260 g to H15 g 
A leak in the low pressure (1 bar) part may result in a potential dangerous 
concentration of 6 ppm in the MOVPE room Outside, the concentration is higher 
than the 10 minute S.T.E.L limit within 35 m from the source, which is only on 
the roof of the building The emission concentrations at the air inlets of the 
buildings and at ground level are below M.A.C, value and therefore harmless. 
A special case is breaking of the reactor cell which may lead to a maximum 
instantaneous release of approximately 600 ppb on the roof For other places this 
extra release will not increase the emission concentration above M.A.C, value. 
From the before mentioned situations the following potential dangerous worst 
cases can be identified 
1 Leak in high or medium pressure part (15 or 5 bar) in MOVPE room, on 
the roof of the building and on emission height (20 to 40 m) very high to 
lethal emission concentrations. 
2 Leak in low pressure part (1 bar): in MOVPE room 6 ppm, on the roof of 
the building circa 1 ppm 
Although the chance of a leak as described, especially for the high and medium 
pressure part, is very small, some simple additional safety measures are suggested 
in order to reduce the consequences of the described worst case situations. 
• Installation of a pneumatic valve on the arsine cylinder instead of a manual 
one This will not reduce the source strength, but will reduce the maximum 
emission time from 7 to 3 minutes 
• Installation of a flow reslnctor directly after the pneumatic valve. From the 
manufacturer of (he arsine a flow restnetor with a diameter of 125 μιη is 
available This reduces the source strength in case of a leak in the high 
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and medium pressure part to 44 mg/s This enormous reduction in source 
strength lowers the emission concentration levels to acceptable values7 By 
combining the pneumatic valve and the flow restrictor the maximum amount 
of emitted arsine is reduced to 8 g in 3 minutes (4260 g in 7 minutes for the 
old situation) 
• Use of a highly vented storage cabinet for the arsine cylinder which should be 
open only if necessary The 5 bar line from cabinet to the arsine flowcontroller 
should be as short as possible This reduces the chance of high concentrations 
in the MOVPE room 
• A personal monitor carried on the body for everyone who works in the 
MOVPE room This will reduce the exposure time in case of a leak to 
maximal 15 seconds8 as compared to 3 minutes now 
• A shorter response time of the automatic arsine monitoring system This will 
lower the exposure time for people accidentally present on the roof, which is 
important because even with flow restrictor a 3 minute exposure (detection 
time of arsine monitor) to circa 1 ppm of arsine may happen 
If those actions are taken the use of arsine may be called a calculated risk The 
chance that the described situations will happen, is very small In any case, the 
exposure for the people involved as well as the total emission to the environment 
is limited to acceptable values A further reduction of risks may only be obtained 
by selection of other arsenic containing sources with lower working pressure or 
lower toxicity 
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Summary 
Low solar cell efficiency in combination with high cell cost limits the use of photo-
voltaicsfor large scale electricity production. Combination of a GaAs and аІпРг 
solar cell in a multi junction tandem cell will lead to an efficiency of 30%, which 
is higher than efficiencies of solar cells made from other materials (10% - 24%). 
In this thesis, development of the GaInP2 top cell and improvement of the GaAs 
bottom cell are described. In addition, a new epitaxial lift off (ELO) process 
is developed which separates the active solar cell area from the passive GaAs 
substrate. Epitaxial lift off in combination with reuse of the expensive monocrys-
talline substrate may reduce the cost of III—V solar cells by more than an order 
of magnitude. 
Development of the GaInP2 cell starts with a fundamental materials study. 
Epitaxial crystal growth of GaInP2 on GaAs is investigated with a low pres­
sure metalorganic chemical vapour phase (MOVPE) reactor. Lattice matching 
to GaAs can be adequately controlled and the influence of growth temperature, 
V/III ratio and total gas flow on the solid composition and growth rate is clari­
fied. Room temperature minority-charge carrier lifetimes for undoped double het­
ero structures of GaInP2 between different barrier layers ( A l x G a ^ . ^ A s , АПпРг, 
(Alo òGao 5)0 5ІП0 5P and disordered СаІпРг) are in the microsecond range, close 
to the radiative limit. The interface recombination velocities (S) are very low, but 
increase for higher aluminium concentrations in the barrier layers The lowest in­
terface recombination (S < 2 cm/s) is found for the disordered-ordered GaInP2 
double hetero structure. At room temperature the (Hall) mobility is limited by 
polar optical (phonon) scattering and cluster scattering The sheet carrier density 
of a two dimensional electron gas (2-DEG) at the modulation-doped disordered-
ordered GaInP2 homojunction can be as high as 3.5 x 10 1 3 c m - 2 A room temper­
ature channel conductivity of 3.2 χ Ι Ο - 3 Ω - 1 is obtained for this 2-DEG, which 
is higher than reported for other two dimensional electron gases. High resolution 
transmission electron microscopy measurements (HRTEM) show that MOVPE 
grown GaInP2 consists of CuPt-type (GaPInP) ordered domains embedded in a 
disordered GaInP2 matrix. The ordered domains are elongated plates, with av­
erage thickness of 3.5 — 6 nm and average length of 75 nm (in the (Oil) plane). 
The length in the (Oil) plane is smaller than that in the (Oil) plane, as de­
duced from Hall measurements. The degree of ordering, as determined by the 
change in bandgap, can be influenced by choice of substrate orientation, growth 
temperature, growth velocity and V/III ratio. 
The first ρ on η GaInP2 solar cells attained an efficiency of 4 5% (AMI 5). 
This poor efficiency was mainly due to the lack of a window layer and back surface 
field (DSF). Next, cells with an (Alo iGao 4)0 5ІП0 5P BSF and a window layer 
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were developed ЛІ05ІП05Р (Alo sGao
 5 ) 0 5ІП0 5P and (disordered) G a 0 5ІП0 5P 
were tried as window materials The efficiency of these cells was limited by front 
surface recombination Due to a low barrier height and pinning of the Termi 
level at the bare front surface minority carriers can tunnel through the window 
layer In case of Alo 5ІП0 5P f be barrier height is determined by the limited p-
doping concentration Still, a solar cell efficiency of 12 8% (AMI 5) was obtained 
for a cell with 300 nm thick Alo 5I110 5P window layer Further improvement of 
the GalnPo cell efficiency was obtained with (511)A oriented GaAs substrates 
1 lie zinc doping incorporation and electrical activity in Alo 5ІП0 5P are greatly 
enhanced for this orientation As a consequence, 14 9% (AMI 5) efficiency is 
obtained (theoretical efficiency 17 5%) 
The efficiency of GaAs cells improved from 15% (best value 20 5%) to 23% 
(best value 23 9%)(AM1 5) Improvement of material quality (minority carrier 
lifetimes), better cell design and material choice of window layer and back surface 
field contributed to this Further improvement to 25% is possible by optimization 
of the top contact (theoretical efficiency 27 3%) 
A new epitaxial lift off (ELO) process is developed which releases thin epitaxial 
films of III V materials from the GaAs substrate With the new ELO method 
crack-free III—V films are obtained, up to two inches in diameter and 1 to 6 /im 
thick For the first time, epitaxial lift off GaAs solar cells were made which 
contained an etch sensitive Alo ssGao 15AS window layer A preliminary efficiency 
of 9 9% (AMI 5) was measured for the ELO GaAs cells Because of the high 
selectivity of the ELO method GaAs substrates remain unaffected after ELO 
With a simple cleaning procedure, substrates can be used at least four times 
without degradation of the minority carrier lifetime or carrier mobility of the 
grown cpilayers Based on the current results, it is expected that GaAs substrates 
can be used a vast number of times 
The use of toxic arsine and phosphine gas provides environmental problems 
which are specific for the MOVPE growth of III—V materials In case of a large 
scale production of solar cells, considerable amounts of arsine or phosphine will 
be used I herefore gas treatment is needed to convert the waste gases into less 
toxic compounds Current gas treatment systems can be divided in wet systems, 
adsorption systems and thermal systems From an environmental point of view 
adsorption Systems is probably the best choice Nevertheless thermal systems have 
specific advantages that make them especially interesting for a future large scale 
production facility hinally, the emission concentration in case of an accidental 
rel( ase of arsine gas is calculated An overview of transmission models is given 
and source strengths are calculated for several worst case scenarios Potentially 
dangerous situations are identified and some simple improvements are suggested 
which reduce the arsine emission for a worst case scenario to an acceptable level 
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Samenvatting 
De combinatie van lage zonnecel efficiëntie en hoge cel kosten beperkt het gebruik 
van fotovoltaische cellen voor grootschalige elektnciteits opwekking Een multi 
junctie zonnecel opgebouwd uit een GaAs en een аІпРг cel zal een efficiëntie van 
30% opleveren, wat hoger is dan efficienties van zonnecellen gemaakt van andere 
materialen (10% - 24%) In dit proefschrift is de ontwikkeling van de ОаІпРг cel 
en de verbetering van de GaAs cel beschreven Bovendien, is een nieuw epitaxiaal 
lift off (ELO) proces ontwikkeld waarbij de actieve zonnecel wordt losgemaakt van 
het passieve GaAs substraat Hergebruik van het dure monokristalhjne substraat 
m combinatie met het ELO proces kan de kosten van III V zonnecellen met meer 
dan een ordegrootte verminderen 
Ontwikkeling van de GaInP2 cel begint met een fundamentele materiaal studie 
Epitaxiale kristalgroei van GaInP2 op GaAs is onderzocht met behulp van een lage 
druk metaalorganische gas fase epitaxie (MOVPE) reaktor Het instellen van 
de rooster constante kan goed worden gecontroleerd en de invloed van de groei 
temperatuur, V/III verhouding en gas flow op de vaste fase samenstelling en de 
groei snelheid is uitgezocht Minderheids ladingsdragers levensduren voor ongedo­
teerde dubbele hetero structuren van GaInP2 tussen verschillende barrière lagen 
(AlxGa(i_x)As, AlInPo, (Aio sGao 5)0 5ІП0 5P en ongeordend СаІпРг) zijn in de 
grootte orde van een microseconde (300 K), dicht bij de stralende recombinatie 
limiet De grensvlak recombinatie snelheid (S) is erg laag, maar neemt toe als de 
aluminium concentratie in de barrière lagen toeneemt De laagste grensvlak re-
combinatie snelheid (S < 2 cm/s) is bereikt met de aluminium vrije ongeordende-
geordende GaInP2 dubbele hetero structuur Bij kamer temperatuur wordt de 
(Hall) mobiliteit van de ladingsdragers beperkt door polair optische (fonon) ver-
strooing en door kluster verstrooing De 2D ladingsdragers dichtheid van een twee 
dimensionaal electronen gas (2-DEG) in de modulatie gedoteerde ongeordende-
geordende GaInP2 homojunctie is 3 5 χ IO 1 3 c m - 2 Een 300 К channel geleiding 
van 3 2 χ 10~3 Ω - 1 is bereikt voor dit 2-DEG Dit is hoger dan waardes gerappor­
teerd voor andere twee dimensionale electronen gassen Hoge resolutie transmissie 
electronen microscopie (HRTEM) laat zien dat СаІпРг gegroeid met MOVPE is 
opgebouwd uit CuPt-type (GaPInP) geordende domeinen in een ongeordende 
GaInP2 matrix De domeinen zijn als langgerekte plaatjes gevormd en hebben 
een gemiddelde dikte van 3 5 — 6 nm en een gemiddelde lengte van 75 nm (in het 
(011) vlak) Uit Hall metingen blijkt dat de lengte in het (Olì) vlak kleiner is 
dan die in het {011) vlak De mate van ordening, zoals bepaald uit de verande-
ring van bandgap, wordt beïnvloed door de keuze van substraat oriëntatie, groei 
temperatuur, groei snelheid en V/III verhouding 
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De eerste GalnP^ zonnecel bereikte een efficiëntie van 4 5% (AMI 5). Deze 
matige efficiëntie werd veroorzaakt door het ontbreken van een window laag en 
bark surface field (BSF) Hierna, werden cellen met een (Л10 ïGao 4)0 5I110 5P BSF 
en een window laag ontwikkeld Aio 5I110 5P. (Alo sGa0 5)0 5ІП0 5P en (ongeordend) 
Gao 5ІП0 5Ρ werden uitgeprobeerd als window materialen De efficiëntie van deze 
cellen werd beperkt door recombinatie aan de voorkant van de cel Door een lage 
barrière en pinning van het Fermi niveau, kunnen minderheids ladingsdragers door 
de window laag tunnellen. Voor Al0 5ІП0 5P wordt de barrière hoogte bepaald 
door de maximale p-dotenngs concentratie Desondanks is een efficiëntie van 
12 8% (AMI 5) bereikt voor een cel met een 300 nm dikke Aio 5ІП0 5P window. 
Verdere verbetering van de GalnP^ cel efficiëntie werd bereikt met (511)A GaAs 
substraten De zink inbouw concentratie en elektrische activiteit in АІ05ІП05Р 
worden aanzienlijk verhoogd met het gebruik van deze oriëntatie. Dit resulteerde 
in een efficiëntie van 14.9% (AMI 5) (theoretische efficiëntie 17 5%) 
De efficiëntie van GaAs cellen verbeterde van 15% (beste waarde 20.5%) tot 
23% (beste waarde 23 9%)(AM1 5) Dit werd bereikt door verbetering van de 
materiaal kwaliteit (ladingsdragers levensduren), het cel ontwerp en de keuze van 
window laag en back surface field. Verdere verbetering tot 25% is haalbaar door 
optimalisatie van het top kontakt (theoretische efficiëntie 27.3%). 
Eon nieuw epitaxiaal lift off (ELO) proces is ontwikkeld dat dunne epitaxiale 
H I V lagen losmaakt van het GaAs substraat Met de nieuwe ELO methode 
worden aaneengesloten III V films verkregen tot twee inch in doorsnede, 1 tot 
6 /Ш) dik Voor het eerst zijn er epitaxiale lift off GaAs zonnecellen gemaakt 
met een ets gevoelige Al
u
 8sGao isAs window Een voorlopige efficiency van 9 9% 
(AMI 5) werd gemeten voor deze ELO GaAs cellen. Omdat de ELO methode een 
hoge selektiviteit bezit, blijft het GaAs substraat onaangetast. Met een simpele 
schoonmaak procedure kunnen substraten tenminste vier keer worden gebruikt 
zonder achteruitgang van de minderheids ladingsdragers levensduur of mobiliteit 
Op basis van de behaalde resultaten wordt verwacht dat een GaAs substraat een 
groot aantal keren kan worden gebruikt. 
Het gebruik van giftig arsine en fosfine gas leidt tot milieu problemen die spe­
cifiek zijn voor de groei van III V materialen met MOVPE Bij een grootschalige 
zonnecel produktie zullen grote hoeveelheden arsine en fosfine worden gebruikt 
Gas behandeling is dan noodzakelijk om de afval gassen om te zetten in minder 
giftige verbindingen. De huidige systemen kunnen worden onderverdeeld in natte, 
adsorptie en thermische systemen. Vanuit milieu oogpunt zijn adsorptie systemen 
waarschijnlijk de beste keus Thermische systemen hebben echter voordelen die 
van belang zijn voor een toekomstige grootschalige produktie. Tot slot is de arsine 
emissie concentratie berekend bij calamiteiten. Een overzicht van transmissie 
modellen is gegeven en bron sterktes zijn berekend voor verschillende 'worst case' 
scenario's. Mogelijk gevaarlijke situaties zijn aangegeven en enkele eenvoudige 
verbeteringen zijn aangedragen die de emissie bij een calamiteit beperken tot een 
acceptabel niveau 
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